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1.0 


INTRODUCTION 


The  Phase  I  efforts  reported  here  were  performed  as  part  of  a  two-phase 
study  program.  The  Phase  II  final  report  and  the  Liner  Development  Methodology 
Manual  are  presented  lr.  Volumes  II  and  III,  respectively. 

An  overview  of  Phase  I  is  provided  below.  This  includes  the  objectives 
of  che  work,  the  approach  followed,  and  a  brief  description  of  the  J  integral 
fracture  criterion. 

1 . 1  OBJECTIVES 

The  objective  of  Phase  I  is  to  develop  a  test  method  for  measuring 
adhesive  and  cohesive  fracture  energy  which  will  permit  the  evaluation  of 
bondline  strength  in  engineering  terms.  The  specific  goals  of  the  test  method, 
as  set  forth  in  the  contract,  are  as  follows: 

•  The  test  method  must  be  scientifically  sound  and  analyzable. 

•  The  test  specimen  shell  have  the  following  characteristics: 

9  Failure  initiation  from  a  controlled  and  analyzable 

singularity. 

•  Allow  failure  at  the  location  of  weakest  strength  in  the 
vicinity  of  the  bond. 

•  Provide  engineering  data  that  are  independent  of  specimen 
geometry . 

•  Be  amenable  to  analysis  to  evaluate  stresses  and  strains 
directly  related  to  motor  analyses. 

•  Duplicate  the  various  stress  conditions  that  can  exist 
in  motors. 

•  Be  amenable  to  preparation  from  dissected  motors. 
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•  The  teat  method  shall  he  evaluated  with  n  well-characterized, 
operational  propellant/llner/insulation  system,  and  verified 
with  other  well-characterized  systems. 

•  The  test  method  shall  be  evaluated  for  repeatability. 

1.2  APPROACH 

The  approach  taken  was  to  employ  a  fracture  energy  relationship 

that  would: 

1.  Permit  direct  measurements  of  the  fracture  energy  (e.g.,  no 
separate  measurements  of  material  moduli,  which  are  highly 
inaccurate  in  the  stratified  propellant/llner/case  bond 
structure) . 

2.  Permit  measurements  even  when  the  material  is  nonlinear 
viscoelastic . 

The  J  Integral  criterion  meets  these  requirements  and  provides  fot 
straightforward  analytical  and  testing  approaches.  The  theoretical  basis 
for  this  criterion  has  been  extensively  improved  by  Dr.  R,  A.  Schapery  and 
is  now  considered  to  be  applicable  to  nonlinear  viscoelastic  propellants  tested 
under  finite  deformations. 

The  optimum  test  specimen  was  selected  from  an  extensive  screening 
of  a  number  of  possible  bond  test  methods  that  have  been,  or  could  have  been, 
used  in  the  propellant  industry.  A  morphological  approach  was  developed  at 
the  end  of  this  screening  that  greatly  simplified  the  selection  method.  The 
scarf-joint  design  was  finally  selected  as  the  optimum  specimen.  The  dimen¬ 
sions  were  selected  after  extensive  laboratory  tests  and  after  many  1-,  2- 
and  3-D  structural  analyses. 
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A  sophist  Icated  method  for  monitoring  movement  of  the  crack  fiont 
employed  the  transmission  of  ultrasound  between  the  end  plates.  Even  though 
not  utilized  on  any  of  these  testa,  the  method  could  be  used  to  monitor  rates 
of  crack  propagation. 

Standardized  laboratory  methods  for  preparing  and  testing  the 
specimens  were  developed  over  a  series  of  tests.  The  size  and  placement  of 
the  Initial  cracks  were  quite  Important,  as  were  specimen  alignment  and  edge 
effects.  Data  analysis  methods  also  had  to  be  evaluated  and  put  into  forms 
that  were  realistic  for  solid  propellant  test  results. 

Applications  of  the  standardized  test  involved  specimens  cut  from 
the  Minuteman  Stage  11  and  Polaris  A3  Stage  II  motors.  These  specimens  re¬ 
quired  special  end  plates  and  crack  cutting  procedures  because  of  the  curvature 
in  the  cases. 

A  number  of  tests  were  conducted  to  determine  the  repeatability 
ot  the  standardized  test.  The  testing  followed  a  Graeco-Latin  square  teBt 
grid  and  evaluated  batch-to-batch  and  operator-to-operator  variances  aa  well 
as  the  test  experimental  error.  The  experimental  error  was  found  to  be  very 
small . 


1.3  THE  J  INTEGRAL  AND  ITS  RELATION  TO  OTHER  FRACTURE  CRITERIA 

At  this  point  it  is  sufficient  to  provide  only  a  simple  description 
of  the  J  integral*.  See  Section  2  for  a  more  complete  presentation  which 
extends  the  concept  to  nonlinear  viscoelastic  materials,  including  finite 
deformat  ions . 

Conceptually,  .7  is  a  line  Integral  taken  around  the  crack  tip.  One 
of  its  primary  strengths  is  that  its  value  is  independent  of  the  path  taken 
around  the  crack,  even  if  some  of  the  paths  involve  plastic  deformations  and 


*  In  common  with  the  stress-intensity  factor  K,  there  are  separate  values 
of  J  for  the  opening  mode  (Jf),  shear  mode  (.7^),  and  tearing  mode  (J^j). 
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other  putlu,  do  not.  The  Illustration  given  below  for  an  arbitrary  path  R 
around  the  crack  tip  begins  at  the  lower  crack  surface  on  the  left  and 
proceeds  counter-clockwise  around  to  the  upper  surface  of  the  crack. 


Y 


Arbitrary  line  integral  contour 
around  the  crack  tip. 


For  linear-elastic  behavior,  the  J  integral  is  identical  to  G, 
the  energy  release  rate  per  unit  crack  extension,  and  simply  related  to  the 
fracture  toughness,  K,  and  the  fracture  energy,  y.  Thus,  for  the  opening 
mode  case,  and  linear-elastic  plane-strain  conditions,  we  have  the  following 
relation, 


2  2 

(1  -  v2)K2Ic 


Ic 


Ic 


2y. 


(i) 


This  relationship  illustrates  the  value  of  the  J  integral  approach. 
In  the  laboratory  it  affords  a  straightforward  characterization  method.  In 
engineering  applications  it  can  be  transformed  to  give  values  of  the  failure 
criterion  appropriate  to  other  methods  of  analysis. 
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1  . U  REPORT 


The  following  report  begins  with  a  theoretical  treatment  of  the 
J  Integral  in  which  the  concept  Is  extended  to  finite  deformations  and  non¬ 
linear  viscoelastic  materials.  Section  3.0  describes  the  procedures  used 
in  screening  candidate  test  specimens  and  in  the  selection  of  the  scarf-joint 
specimen  as  the  optimum  candidate.  The  fourth  section  provides  the  stress 
and  fracture  analyses  which  led  to  an  optimization  of  the  specimen  design. 

The  Scarf-joint  specimen  preparation  and  test  procedures  were  defined  in  a 
series  of  tests  described  in  Section  5.0.  Sections  6.0  and  7.0  cover 
evaluations  of  the  J  integral  under  various  loading  conditions  that  exist 
in  the  motor,  and  evaluations  using  two  other  specimen  geometries.  Section  8.0 
describes  the  tests  performed  on  specimens  dissected  from  motors  and  the 
statistical  aspects  of  scarf-joint  test  repeatability. 
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2.0 


CHARACTERIZATION  AND  ANALYSIS  OF  FRACTURE  INITIATION 
IN  SOLID  PROPELLANT  BY  A  GENERALIZED  J  INTEGRAL 


The  theory  and  application  of  linear  viscoelastic  fracture  mechanics 

is  reasonably  well  established  ^  However,  because  of  the  nonlinearity 

of  solid  propellants,  application  of  linear  theory  haB  met  with  mixed  success, 

and  phenomena  related  to  the  effect  of  strain  level  and  strain  history  have 

not  been  explained  As  a  means  of  developing  a  criterion  of  fracture 

(8) 

in  nonlinear  viscoelasr ‘.c  materials,  Schapery  indicated  that  at  least  for 
initiation  the  J  integral  criterion  (widely  used  for  rate-independent  elasto- 
plastic  behavior  of  metals)  could  be  extended  to  certain  nonlinear  viscoelastic 
materials  if  the  stresses  at  each  point  in  the  body  are  proportional  to  a 
scalar  function  which  obeys  a  power  law  in  time  with  a  coefficient  and  exponent 
that  may  vary  in  space.  This  restriction  on  the  stress  behavior  has  now  been 

removed  and  a  relatively  general  theory  exists  for  both  crack  initiation  and 

v  (9) 

growth 


In  this  section  of  the  report,  wp  first  review  the  basic  features  of 
standard  J  Integral  theory  for  nonlinear  elastic  media,  and  then  deal  with  its 
extension  and  application  to  solid  propellant. 

2.1  J  INTEGRAL  THEORY  FOR  NONLINEAR  ELASTIC  MEDIA 


The  J  integral  is  defined  for  two-dimensional  problems  (plane 
stress,  plane  strain,  and  anti-plane  strain)  as 


J 


.  ^ 

i  3x, 


ds) 


(2) 


Where  r  (Figure  1)  is  a  curve  surrounding  the  crack  tip  that  begins  and  ends 
on  assumed  stress-free  crack  faces  Following  standard  practice,  repeated 

indices  imply  summation  over  their  range  (i,j  “  1,2,3),  and  T  and  u  are  the 

f  * 

traction  and  displacement  vectors,  respectively.  Although  Equation  (2)  is 
limited  to  small  strains,  it  is  readily  generalized  to  large  strains  (Reference  11). 
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t  t  ,„d  are  rut...*  throe.-  the 

The  traction  vector  and  a  trees 


Tt  -  »j  5  °tl  °1  +  ^2  "2 


(3) 


*•  ^;j;”;rrLr»ic«rarir, 

to  the  Plane  of  the  page),  i» 

plane  «d.  of  f“““Utl0"' 


1-e  quantity  W  •  VKtjj)  «  “'“h  tl'*t 

aAt  -  a»/3e. 


(<0 


the  etreae  and  attain  tensors,  respectively.  Thus, 
where  and  are  elaatlc  body.  Me  should  emphasize,  however, 

is  the  strain  energy  dens  ty  ^  valid.  For  elasto- 

that  the  body  need  not  be  elastic  theory  pf  plasticity 

plastic  -terla18 ;^rhit°tb;ny;9  ;n  Equatlon  <4>,  Where  «  is  a  potential  function 
the  stresses  can  be  vr  although  the  deformation 

cOT9197;iLTi“  theory  for  r1/ except 

theory  of  plastic  inltlation  analysis  of  metals  based  on 

“  • 

a.  an  important  con..,--  o.^u.ti^.  £ 

;:r  cr;::/::,  — — «.,  - 
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where 


Ju 


i 


a 


f 

1J 


relative  displacement  vector  between  points  on  the  crack 
faces  which  were  together  prior  to  arrival  of  the  crack 
tip.  For  example,  i8  the  crack  opening  displacement. 

stress  acting  on  the  edge  of  the  intact  continuum,  repre¬ 
senting  the  action  of  the  failing  material  near  the  crack 
tip  on  the  adjacent  continuum.  For  example,  0^2  *8  t*ie 
normal  tensile  stress  tending  to  draw  the  crack  faces 
together. 


It  is  supposed  that  there  is  a  thin  layer  of  material  between 
crack  faces  in  the  2one  0<£<a  (Figure  1)  which  may  be  highly  damaged;  its 
constitutive  properties  enter  the  fracture  theory  implicitly  through  the 
values  of  °22’  °21*  an<^  °23"  material  in  the  failure  zone  does  not 

have  to  satisfy  Equation  (4). 


Let  us  now  multiply  Equation  (5)  by  a  small  virtual  crack 
extension,  da.  One  can  show  by  direct  physical  considerations  that  the  re:  ilting 
expression  is  the  work  done  by  the  continuum  on  the  failure  zone  (per  unit 
length  in  the  x-  direction)  if  the  advancement  takes  place  without  change 
In  the  tractions  in  the  failure  zone.  In  view  of  Equation  (4),  the  body 
behaves  as  an  elastic  material,  and  thus  the  work  JB3a  must  be  equal  to 
the  reduction  in  potential  energy  P_  of  the  body  and  externally  applied  forces, 

b 

-3Pe;  hence. 


l^E 

B  3a 


(6) 


where  B  is  the  length  of  the  crack  edge  which  is  advanced;  B3a  is  the  a.ee 
of  the  new  surface  projected  onto  the  -  x^  plane.  For  advancement  without 
external  work  ("fixed  grips"),  Equation  (6)  reduces  to 


1  !!i 

B  3a 


(7) 
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where  la  the  total  strain  energy, 

UT  3  Jv  “  dVo  (8) 

o 

and  Vq  Is  the  volume  of  the  body. 

It  Is  important  to  recognize  that  Equations  (6)  and  (7)  provide  a 
means  for  experimental  determination  of  J  in  a  nonlinear  body  without  the 
necessity  of  a  nonlinear  stress  analysis;  this  is  discussed  in  the  next 
subsection  along  with  the  use  of  J  as  a  fracture  parameter. 

2.1.1  Experimental  Determination  of  J  Integral 

Consider  a  sample  which  ia  quasi-statically  loaded  by  a 
force  F  acting  through  the  displacement  U,  (e.g.,  the  biaxial  strip  In 
Figure  2).  The  load-displacement  curve  Is  illustrated  in  Figure  3  for  several 
samples,  each  with  a  different  constant  crack  length,  2a'.  The  area  under 
each  curve  from  U  ■  0  to  U  ■  is  (U^,  a).  Plotting  thi9  integral  versus 
the  crack  length*,  a  •  2a',  gives  a  curve  like  that  in  Figure  4. 

The  negative  derivative  of  curve  V?T  at  any  value  a,  divided 

by  sample  thickness,  B,  is  the  J  integral  at  U  “  U^,  Equation  (7);  it  is 

supposed  that  both  crack  tips  extend  the  same  amount,  3a'.  If  this  process 

is  repeated  for  additional  values  Uot  U,,  etc.,  we  obtain  the  curves  in 

i  2  2 

Figure  5.  For  the  special  case  of  a  linear  elastic  material,  W^.  'v  U  ,  J  ^  U 
for  a  fixed  value  of  a. 


*  Use  a’  as  one-half  the  crack  length  and  a  as  the  full  crack  length. 
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V 


Moveable  grip 

^(v  -  displacement 

in  v  -  direction) 


Crack  Tip 


Fixed  grip 


Figure  2.  Biaxial  Strip  Specimen 

-  Sole  that  the  coordinate  axes 
used  with  this  specimen  are 
different  from  those  convent ional 1 y 
used  in  two-d  inons  ionn  '  problems 

(See  Figure  1) 


Figure  3.  Force-Di  sp|  aremeiit  Curvi 


2.1.2  Relation  of  J  To  Fracture  Initiation 


Suppose  in  a  given  test  the  crack  starts  to  propagate 

at  a  value  of  J  -  J  (critical  value  of  J).  Since  J  is  equal  to  the  strain 

c 

energy  released  per  unit  projected  area  (actually  two  units  of  area  of  new 
surface  counting  both  top  and  bottom  surfaces),  we  can  say  that  JcB3a  is 
equal  to  the  mechanical  energy  needed  by  the  material  to  form  an  amount 
of  projected  area  B3a  or  total  surface  2B3a.  Thus 

J  -  2r .  (9) 

c  i 

where  Tt  is  the  so-called  fracture  initiation  energy,  the  energy  required 
to  form  a  unit  of  new  surface. 

As  long  as  the  state  of  the  material  at  the  crack  tip 

(on  the  scale  of  a)  is  the  same  in  different  geometries  (including  motors), 

the  value  of  J  from  the  specimen  test  can  be  considered  a  material  property; 
c 

it  may  be  compared  with  a  predicted  J-value  (e.g.,  in  a  motor).  If  J  -  Jc> 
the  crack  starts  to  propagate;  otherwise,  it  does  not  grew. 

2.2  GENERALIZED  J  INTEGRAL  FOR  NONLINEAR  VISCOELASTIC  MATERIALS 


For  many  linear  and  nonlinear  viscoelastic  materials  under  monotonic 

(8  ) 

loading  which  obeys  a  power  law  in  time  ,  Equation  (4)  is  a  good  approx¬ 
imation  with  W  replaced  by  Wy  -  W^e^,  a.  O hence,  by  analogy  with  the 
elastic  case, 


i  3W_ 

j  -  -  I  -I 

J  B  3a 

where  WT  -  WT(U,  a,  t)  is  the  area  under  the  isochronal  F-U  curve. 


r 


F  (U.  a,  t) dll 


(10) 


(ID 


Note  that  the  differentiation  and  integration  is  performed  for  t  -  constant. 
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The  J  integral  for  chie  case  is,  as  before,  the  work  input 

(8) 

to  the  crack  tip  per  unit  area  at  time  t  .  Thus  Jc  ia  equal  to  the 
energy  2 I ^  required  by  the  material  to  create  the  new  surface  at  the  time 
of  initiation  t;  depending  on  the  material,  F ^  may  depend  on  time  and 
temperature  and  ocher  parameters  such  as  confining  pressure. 

The  conditions  given  in  Reference  (8)  for  the  validity  of 
Equations  (4)  and  (10)  are  more  severe  Chan  needed.  The  pardcular 
nonlinear  viecoelascic  constitutive  equations  which  describe  deformation 
response  with  adequate  accuracy  and  class  of  loading  histories  of  Interest, 
determine  whether  or  not  a  J  integral  method  applies,  and  Reference  (9) 
discusses  both  this  aspect  and  consequences  for  predicting  crack  initiation 
time  and  crack  speed. 

To  remove  the  power-law  restriction  on  loading  history  given 
in  Reference  (8),  the  definition  of  J  in  Reference  (9)  is  somewhat  different 
than  used  here  so  far;  but  we  shall  summarize  the  principal  results  and 
relate  the  two  forms  of  the  generalized  J  Integral. 

2.2.1  Primary  Results  of  Reference  (9)  Applicable  to  Solid 
Propellant 


In  terms  of  a  newly  defined  J  integral,  J ,  the  governing 
equation  for  predicting  fracture  initiation  time  t^  is 

/*i  dJ 

2ri  “  \J0  D  <*-«’>  dT  dT  <12) 

After  Initiation,  the  crack  speed  a  for  coplanar  crack  growth  Is  predicted 
by  using  the  differential  equation. 
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In  these  two  equations: 


T  "  fracture  initiation  energy  and  fracture 

energy  for  continuous  growth,  respectively; 
whether  or  not  these  energies  are  equal  is 
not  known  at  this  time. 


E  •  reference  modulus,  a  constant  which  is 

K 

arbitrarily  selected  to  simplify  notation. 

D(*)  *  master  creep  compliance  curve  in  linear 

viscoelastic  response  range  (with  or  without 
a  constant  level  of  damage);  as  a  good 
approximation,  the  master  relaxation  modulus 
is  related  to  D(0  by 

E(OD(C)  “  ~2—  (14) 


where 


d  log  E  _  d  log  D 
d  log  C  d  log  £ 


(15) 


Also,  the  propellant  is  assumed  to  be  thermorheologically  simple, 


C 


5  /  dt'/aT,  5* 

A 


;  f  dt'/aT 


(16) 


where  aT  ■  aT  (T)  is  the  time-temperature  shift  factor;  more  general  behavior 
is  included  in  Reference  (9). 


The  quantity  Jy  Is  the  generalized  J  integral;  it  obeys  an 


equation  which  is  analogous  to  that  for  J  in  Equation  (6)  in  that 

,R 

i  ai 

J. 


1  3pe 


B  3a 


(17) 


where  P„  is  the  potential  energy  of  an  elastic  body  that  is  defined  below. 

The  quantity  a  is  the  length  of  the  failure  zone  (Figure  1),  which  is 
proportional  to  if  the  strength  of  the  material  at  the  crack  tip  is  constant: 
when  the  strength  varies  with  crack  speed,  one  has  a 


function  (&,  J  ). 
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The  three-dimensional  constitutive  equation  used  in 
Reference  (9)  relating  stresses  and  strains  e^  for  materials  exhibiting 
theraorheologically  simple  behavior  is, 


c 


lj 


D«-£') 


3_ 

3r 


(18) 


where  ♦c  *  *c(o^)  is  C^e  comPlementarV  pseudo  energy  density;  justification 
of  this  equation  for  solid  propellant  and  other  materials  is  given  in 
Reference  (9).  The  pseudo  energy  density  *  is  defined  by 


3*c 

■*c  +  °ij  3d 


ij 


(19) 


If  0(0  ■  constant  r  E^  we  recover  Equation  (4)  for  an  elastic  material, 
where  $  5  W  is  the  strain  energy  density. 


For  a  viscoelastic  material  (D(£)  not  constant)  the  quantity 

D 

Jv  is  simply  the  J  integral  for  this  "reference"  elastic  material,  and  P£  in 
Equation  (17)  is  the  potential  energy;  for  example,  for  the  problem  in 
Figure  2,  with  virtual  crack  growth  trader  a  fixed  grip  condition, 


where 


J 

v 


B  3a 


is  the  total  strain  energy  of  an  elastic  body. 


(20) 


In  order  to  show  how  one  can  derive  from  laboratory 
teats,  and  to  illustrate  its  physical  significance,  let  us  first  rewrite 
Equation  (18)  in  an  inverse  form;  this  is  easily  accomplished  because  of 
its  similarity  to  linear  theory, 


E  (C-5') 


dt 


(21) 


Note  that  the  integral  is  the  stress  in  a  linear  viscoelastic  material, 

t 


a 


J'  E  U-C) 


Oil 

3t 


<Jt 


(22) 


and  therefore 


3« 


So 


_LL 


(23) 


ij 


The  "reference"  elastic  material  la,  by  definition,  a  material  whose  stress- 

strain  equation  is  that  In  Equation  (23)  with  stresses  equal  to  those  in 

R 


the  actual  nonlinear  viscoelastic  material  and  with  the  strains  e 


ij 


'ij 


i 

111 

er 


(24  ) 


Similarly,  the  displacements  in  the  reference  material  are 

UiR  S  gi  /*  E  U-C’)  ^  ^ 


R  o 


(25) 


The  grip  displacement  U  for  the  biaxial  strip  and  the 
£ 

reference  elastic  grip  displacement  U  are  related  similarly  through  Equation 
(25).  Inasmuch  as  the  material's  behavior  is  elastic  in  terms  of  U  ,  we  may 

p 

apply  the  data  reduction  procedure  covered  in  Figures  3  through  5  using  U  in 
place  of  U  as  the  abscissa. 

For  simultaneous  cooling  and  straining  one  would  have  to 
account  tor  thermal  contraction.  In  this  case  the  strains  and  displacements 
in  Equations  (24)  and  (25)  should  be  interpreted  as  "strains  and  displacements 
due  to  stress".  For  a  biaxial  strip  one  should  therefore  subtract  -^aAt  from 
each  quantity;  the  relation  for  grip  displacement  becomes 

UR  -  |  CAT  ml  A  EU-C)  |  (U  -  |  c«AT)dT  (26) 

R  •'o  * 


where  AT  «■  T-T^,  with  =  temperature  at  start  of  cooling  and  T  »  current 
tempera  ture. 
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2.2.2  Comparison  of  J  Integral  Methods 


Consider  the  isothermal  testing  tor  initiation  of 
cracking.  The  J  in  Equation  (10)  and  Jv  in  Equation  (20)  are  quite 
different,  but  lead  to  essentially  the  same  criterion  of  fracture  if 
the  grip  displacement  rate  is  constant,  or  is  at  least  monotone  increasing. 
To  show  this,  let  us  specialize  Equation  (26)  to  isothermal  behavior  and 
introduce  crosahead  rate  0  ■  R  -  constant;  thus 


E  (t-x)  dx 


_R  1 
E„  t  J 


E(X)dX 


(27) 


'R  o  R  '  o 

where  the  variable  of  integration  has  been  changed  from  t  to  X  =  t-x.  Hence, 


u*  .  J LMll 

er 

where  E  is  the  time-average  of  the  relaxation  modulus. 


(28) 


The  total  pseudo  strain  energy  in  the  reference  elastic 
body  is  yR 

y  F  (U*.  a)  dU*  (29) 

where  the  elastic  force  F  is  equal  to  the  viscoelastic  force  F  at  each  time 
and  crack  length. 


Since  the  stresses  in  the  reference  elastic  body  are  equal 

to  those  in  the  nonlinear  viscoelastic  body  (Reference  9)  use  Equations  (28) 

£ 

and  (29)  (in  which  the  variable  of  integration  is  changed  from  U  to  U  and 
integration  is  performed  at  constant  time)  to  find 


j,  .  IM 

T  ER 


/  'W 


dU 


Comparing  Equations  (10)  and  (30)  we  see  that 


(30) 


♦ 


T 


(31) 


and  from  Equations  (9)  and  (19) 
,  .  E(t)  , 


(32) 
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Thus,  the  previously  used  Initiation  criterion  J 
is  equivalent  to 
E(t  ±) 


Or 


J  “  constant  nt  t 


(33) 


C  E( t i> 


J  a,  CE-D(t  )  J 
v  —  R  l  v 


(34) 


“  C  ERJv  ~~  J  D(X)dX 


Ci  * 


where  C  is  a  constant  that  is  close  to  unity  if  m  <0.2  (Equation  (15)). 

One  can  show  that  Equation  (34)  is  a  good  approximation  to  Equation  (33) 

2  2 

if  d  log  E/ (d  log  5)  <<1 ;  this  inequality  is  obeyed  by  solid  propellants. 


Compare  this  result  with  the  more  basic  Equation  (12) 
for  isothermal  behavior, 

<*Ci  dj 

2ri  ”  v-  D(t-f)“drdT  (12) 

Note  that  if  is  constant,  and  if  the  fracture  energy  ■  Jc/2C,  then 
Equation  (11)  reduces  to  Equation  (34).  Often  with  monotonic  loading, 

J  'v  tP  (where  p  is  constant*)  which,  when  used  in  Equation  (12),  leads  to 
the  same  form  as  Equation  (34);  only  a  nearly  constant  factor  (typically 
close  to  unity)  multiplying  D  is  different.  Thus,  for  practical  purposes 
in  at  least  constant  crosshead  rate  tests,  the  original  method  (Figures  3 
through  5)  is  as  good  as  the  better-founded  new  method  based  on  Equation  (12). 


The  experimental  determination  of  the  time  for  fracture 
initiation  t^  may  not  be  possible  with  propellant;  rather,  one  might  obtain 
instead  of  t^  the  time  for  a  small  amount  of  growth  (depending  on  the  quality 
of  the  experimenter's  eyesight).  In  this  case  Equation  (]2)  would  be  more 

*  When  J  is  expressed  in  terms  of  stresses,  it  is  equal  to  J  for  a  linear  or 
nonlinear  elastic  body  which  is  under  the  same  ins  tan tan<-ous  applied  loads 
as  the  viscoelastic  body;  cf.  Equations  (10)  and  (20). 
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appropriate  than  Equation  (11).  As  an  example  let  us  assume  the 
experimentally  determined  "Initiation"  time  t^  ,  say,  Is  the  time 
it  takes  for  the  crack  to  propagate  a  distance  equal  to  a  constant 
fraction  or  multiple  of  the  failure  zone  length  a  at  the  speed  at 
this  time,  t^  -  ka/a;  Equation  (13)  becomes 


which  has  the  same  form  as  Equation  (34);  it  follows  that  for  propellant 
in  which  D(t)  is  practically  a  power  law,  D(ti)  “  constant  x  Dft^)  => 

€X 

constant  x  D  ti  ,  if  T  and  are  constant.  Thus,  except  for  differences 
in  the  inferred  value  of  fracture  energy,  all  three  methods  (two  for 
initiation,  one  for  a  small  amount  of  growth)  yield  essentially  the  same 
result  for  Isothermal,  constant  crosBhead  rate  tests.  However,  it  should 
be  emphasized  that  the  last  result  for  growth  is  based  on  a  somewhat 
arbitrary  criterion  of  "observable  growth". 

Such  a  similarity  in  results  is  not  expected  for 
simultaneous  cooling  and  straining;  this  type  of  test  should  therefore 
help  to  determine  the  best  criterion  with  the  hope  (but  not  as  a  fundamental 
requirement)  that  T  or  is  constant,  and  has  the  same  value  for  isothermal 
and  nonlsothermal  Initiation. 

2.2.3  Motor  Application 

Consider  the  problem  depicted  in  Figure  6.  The  stress 
analysis  was  made  assuming  linear  elastic  behavior,  and  some  relevant 
predictions  for  pressure  loading  are: 

Opening  Mode  Stress  Intensity  Factor,  Kj  *  557  Ksi  /iTTT 

Forward  Shearing  Mode  Stress  Intensity  Factor,  -  211  pal  /in" 


Pressure  =  800  psl 


ins'ilat  ion 


Figure  6.  Sample  Motor  Problem  (from  Reference  13) 


I'rom  linear  elasticity  theory  for  plane  strain  (the 
local  condition  in  the  motor  around  the  crack): 


II 


[E/(l-v2)  ]  (E/U-v2)] 


(36) 


(13) 

where  E  =  1000  psi  and  v  ■  0.5  in  the  analysis  .  We  will  first  use 
elastic  fracture  mechanics  and  assume  the  total  energy  release  rate,  J, 
determines  whether  or  not  a  fracture  starts;  but  one  should  verify  this 
experimentally  or,  more  generally,  establish  2?  as  a  function  of  the 
KII^KI  rat*°*  Thus,  we  calculate  J  •  233  +  33  *  266  lb/in.  For  our 
propellant  21"^  *  '*c'v3  lb/in.  <<266  (Section  2.2.5)  and  thus  fracture  easily 
initiates. 


If  pressure  ■  0,  and  a  chermal  load  only  exists 
(AT  -  -100°F) ,  it  is  predicted  that  (13)  K  -  10.5,  Kn  -  4.9  psi  /InT 
Then,  J  “  0.083  +  0.018  ■  0.101  lb/in.  Since  ■  3  >>  0.101,  there  is 
no  fracture  initiation  in  an  elastic  propellant. 

Extension  of  this  analysis  to  viscoelastic  behavior  may 

be  accomplished  by  using  Equation  (33)  and  the  fact  that  Equation  (36)  is 

valid  for  a  linear  reference  elastic  material  with  modulus  ED  and  Poisson's 
(9) 

ratio  v  .  Thus 


J 

v 


S1I 


V<1-vR2>  ER/a'V«2> 


(37) 


where  K.  and  KIT  are  the  stress  intensity  factors  calculated  for  a  linear 

1  (9) 

viscoelastic  material  with  a  constant  Poisson's  ratio  v  .  The  fracture 

initiation  time  is  given  by  the  solution  to 


(1-v2)  Kt2  +  (1-v2)  Kn2  -  E(t4)  Jc 


(38) 
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where  we  have  used  Equations  (33)  and  (37)  with  v_  “  v.  Thus,  one  uses 

R 

linear  viscoelastic  theory  to  predict  and  as  functions  of  time,  and 
then  checks  to  determine  when  Equation  (38)  Is  satisfied.  If  ever. 


Referring  to  the  pressurization  problem  above,  the  values 
of  Kj.  and  K  are  essentially  independent  of  elastic  modulus  and  therefore 
they  have  the  same  values  as  in  the  viscoelastic  material.  Assuming 
2F  ■  -  3  and  v  -  0.5,  and  using  the  fact  that  Kj  and  are  proportional 

to  pressure,  P,  Equation  (38)  may  be  written  as 


266 


E(ti) 

•  -  x  3 

1000 


(39) 


Thus,  fracture  initiates  at  the  time  t^  for  which 

P(t  )  “  2.69  ^E(t^)  (40) 

If  the  actual  pressure  does  not  reach  the  value  in 
Equation  (40)  then  ot  course  it  does  not  have  a  solution  and  there  is  no 
initiation. 


Prediction  of  initiation  for  the  nonisothermal  problem 

is  more  involved.  Equation  (12)  must  be  used,  In  which  the  time -dependence 

of  temperature  must  be  accounted  for  in  calculating  r  duced  time.  Equation  (16). 

If  the  temperature  is  more  or  less  uniform  spacewise  (which  was  assumed  in  the 

above  problem),  we  may  predict  KT  and  K  from  elastic  analysis  using  an 

(14)  1  11 

effective  modulus  Ee^  .  Then  substitute  Equation  (37)  into  (11),  assume 

vR  ■  v  ■  constant  for  the  viscoelastic  material  and  obtain, 

X  Id<^'>57  <ki2  *  kh2)  dT  ■  —i i  (41) 

1-v 

Again,  the  value  of  t^  for  which  this  equation  is  satisfied  (If  ever)  is  the 
initiation  time.  If  we  employ  results  from  the  abjve  thermal  problem  and 


introduce  the  effective  modulus  (recognising  that  K  T  E  for  constrained 

ef  f 

cooling)  and  use  an  assumed  value  of  2T  »  3,  there  results 


D<£-5’> 


d(ATEeff)‘ 

“ V — 


«U' 


-  2.97  x  108 


(A2) 


where 


and 


(A3) 


(AA) 


Considering  che  previous  results  for  an  elastic  material.  Equation  (A2)  will 

not  have  a  solution  unless  E  ,,  is  much  larger  than  1000  pei.  Note  that  for 

ett  -1 

an  elastic  material  ■  E  •  D  ,  and  we  obtain  E  -  29,700  psi  from  this 

equation  as  the  modulus  needed  to  initiate  fracture  for  the  temperature 
change  of  T  «  -100°F. 


2. 2. A  Summary  of  Specific  Advantages  of  the  J  Integral 
2.2.A.1  Analysis 

0  Theoretical  anaylses  of  specimens  are  not 
required;  but,  if  available,  they  may  reduce 
the  testing  and  data  analysis  needed. 

0  In  motor  applications,  the  J  Integral  can  be 
used  with  both  linear  and  nonlinear  behavior 
at  small  or  large  strains. 

0  Path-independence  of  the  J  integral  reduces  the 
requirements  of  numerical  accuracy  in  predict  iuvt 
a  fracture-controlling  parameter,  as  compared 
to  methods  needing  local  crack-tip  analysis. 
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2. 2. 4. 2  Experiment 


0  J  and  fracture  energy  easily  derived  from 
force  data. 

0  Results  have  simple  physical  meaning. 

0  Samples  with  large  3-D  effects  can  be  used 
without  any  more  data  analysis  than  for  2-D 
effects  if  crack  growth  is  essentially 
uniform  over  most  of  the  sample  thickness. 

2.2.5  Experimental  Determination  of  Critical  J  Integral 
for  Fracture  Initiation 


Application  of  Equations  (10)  and  (11)  to  the  characterization 
of  fracture  behavior  will  be  llluscra'  d  by  using  data  from  cracked  biaxial 
samples.  The  resulting  criterion  for  iractur  'ion  will  then  be  compared 

to  that  found  by  the  second,  more  general  t’.  ion  (12). 

Figure  7  shows  data  for  three  crosshsad  rates  and  two  crack 
lengths.  The  initial  nominal  sample  dimensions  are: 

H  ■  height  ■  2.1  inches 
L  -  length  *  4.0  Inches 
B  ■  thickness  •  1.0  inches 


Prior  to  crack  growth,  the  force  data  are  fit  quite  well  by  the  power  law, 


F 


k0.172  u0.770 


(45) 


where  axial  extension,  U,  is  in  inches  and  crosshead  rate,  R  t  U,  is  in 
inches  per  minute;  also,  for  the  two  initial  crack  lengths  employed. 


Predicted : 


k^  “  3331  fcr  2a'  -  0.8  Inches 
kj  ■  2974  for  2a'  -1.2  inches 


(46) 


According  to  Equation  (11),  WT  is  derived  by  integrating  F, 
but  only  after  R  is  eliminated  in  favor  of  U  and  t;  thus,  with  R  -  U/t, 


from  which 


.  ,-0.172  ,,0.942 

t  U 


WT  -  0.5l5k1  t"0,172  U1,942 


(47) 


(48) 


The  J  integral  may  be  found  from  Equation  (10).  First,  however,  it  is  of 
interest  to  observe  that  the  linear  elastic  analysis  in  Section  4.0 
(Figures  51,  52,  55,  57  and  58)  indicates  that  J  ie  essentially  independent 
of  crack  length  for  the  range  tested,  2a’  -  0.8  and  1.2  inches.  This 
independence  will  be  assumed  for  the  actual  propellant  samples,  and  thus 
WT  may  be  linearized  with  respect  to  crack  length  in  calculating  J.  Hence, 
for  0.8  <  2a*  <  1.2, 


.  0.515  .-0.172  ..1.942  2974-3331 

J  "  TT  C  U  *  1.1-0. 8  ’ 

. -0.172  ,,1.942,. 

-  460  t  U  lbs/in. 


(49) 


(It  is  of  Interest  to  note  that  the  value  of  the  derivative  (2974-3331 )/0. 4  -  893 
is  essentially  equal  to  that  predicted  from  linear  elastic  plane  stress  analysis.) 

Referring  now  to  Figure  7,  we  assumed  crack  growth  initiates 
when  the  force-deformation  data  depart  from  a  straight  line.  Considering  the 
limited  amount  of  data,  the  detemination  was  crude;  obviously,  more  data  and 
an  expanded  scale  are  needed  for  a  better  identification  of  the  crack  initiation 
point. 
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At  Initiation,  set  J  -  Jcin  Equation  (49).  Because  the 
test  time  does  not  appear  explicitly  in  Figure  7,  it  is  desirable  to  eliminate 
time  from  this  aquation  by  using  Equation  (47);  hence. 


J 

c 


(50) 


For  constant  crack  length  and  constant  Jc,  this  equation  defines  a  straight 
line  having  slope  (-1)  in  Figure  7  as  logarithmic  coordinates  are  used, 


log 


log  F  +  log  U 


(51) 


For  2a'  •  0.80,  a  straight  line  with  slope  (-1)  has  been  drawn  through  the 
data  where  crack  initiation  is  estimated  to  occur;  this  line  is  defined  by 
FU  -  23.25,  and  therefore  Equations  (46)  and  (50)  yield 

Jc  -  x  23.25  -  3.21  lbe/in.  (52) 


Assuming  that  is  a  constant,  we  may  use  Equations  (46) 
and  (50)  to  predict  the  product  FU  for  initiation  with  2a '  *1.2  Inches, 


FU 


2974 

~K0  * 


3.21 


20.76 


(53) 


This  line  is  drawn  in  Figure  7;  agreement  between  theory  and  experiment 
is  about  as  good  as  one  might  expect  considering  the  limited  amount  of  data 
employed. 


As  a  final  matter,  let  uo  compare  the  use  of  Equation  (49) 
(with  J  ■  Jc)  aa  a  fracture  initiation  criterion  with  that  predicted  from  the 
second  theory,  Equation  (12).  Equation  (32)  relates  to  the  expression  for 
J  in  Equation  (49).  We  want  in  terms  of  F,  and  therefore  Equation  (47)  is 
also  used  to  find 
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(54) 


J 

v 


Jit l  46Q  k  -2.062  ^0. 183  p2.062 
E_  X 


According  to  the  second  theory,  this  result  should  be  identical  to  that 

for  an  elastic  material;  as  time-dependence  cannot  exist,  we  must  have 
•  '1 83 

E(t)  ^ t  '  ,  and  thus  for  the  linear  viscoelastic  relaxation  modulus, 

E(t)^t"*183  (55) 


Inasmuch  as  the  relaxation  modulus  is  predicted  to  obey  a  power  law  in 

0a  183 

time.  Equations  (14)  and  (34)  are  exact.  Since  D(t)  % t  ,  Equations 
(45)  and  (12)  (with  U  -  Rt)  yield 


zr^t-0-172  U1-942 


(56) 


Comparing  this  result  with  Equation  (49),  we  see  that  if  T  is  constant,  it 
provides  the  same  fracture  initiation  criterion  sb  Equation  (49)  with 
J  -  J  •  constant,  apart  from  an  undefined  constant  coefficient.  This 
coefficient  is  related  to  the  (unknown)  linear  viscoelastic  relaxation 
modulus;  but  it  has  no  effect  on  the  criterion.  Namely,  one  could  use 
any  constant  coefficient  desired  in  Equation  (56)  if  the  same  constant  is 
used  in  deriving  from  experimental  data  as  in  applying  the  theory  when 
predicting  fracture  initiation  in  motors. 
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3.0 


SELECTION  OF  CANDIDATE  TEST  SPECIMEN 


Existing  test  specimens  and  test  procedures  were  screened  to  determine 
the  best  one  for  evaluating  both  adhesive  and  cohesive  fracture  energy.  This 
evaluation  effort  was  conducted  in  three  steps.  First,  the  test  specimens 
were  screened  against  a  list  of  specific  criteria.  Second,  they  were  evaluated 
morphologically  in  terms  of  the  design  constraints  imposed  by  the  three 
admissible  modes  of  crack  extension.  Third,  the  experimental  performances 
of  the  remaining  candidates  were  compared. 

The  specimen  survey  and  the  results  of  the  three~etep  evaluations  are 
discussed  below. 

3.1  SPECIMEN  SURVEY 


The  survey  was  designed  to  provide  representatives  of  the  various 
types  of  test  specimens  used  in  the  industry,  plus  a  few  that  were  found  in 
the  literature  for  the  evaluation  of  low  modulus  materials.  There  were  fifteen 
candidate  specimen  designs  gleaned  from  the  survey.  They  are  illustrated  in 
Figures  8  through  22. 

3.2  SCREENING  AGAINST  AFRPL  CRITERIA 

The  preliminary  screening  of  the  candidate  test  specimen  and 
procedures  was  based  upon  the  AFRPL  criteria  specified  in  Section  1  and 
repeated  in  Table  1. 

The  screening  criteria  numbers  1  through  3  are  satisfied  by  the 
principles  of  the  J  integral  for  all  of  the  candidate  specimens.  By  a  rather 
liberal  interpretation,  criterion  number  4  was  also  considered  to  be  satisfied 
by  the  J  integral  concept  for  all  specimens. 
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Figure  8 .  NOL  Fracture  Block 


Figure  9.  Anti*Plane  Shear  Specimen 


Front  Yltw 


Figure  12.  Twin  Rail  Specimen 


Figure  13.  Scarf-Joint  Specimen 


Figure  14.  Cylindrical  Peal  Specimen 


t 


Figure  15.  Poker  Chip  Specimen 


Figure  16.  Tensile  Sleeve  Specimen 


Figure  17.  Round-Flapped  Case  Bond  Tensile  Sample 


Preptll.nt 


fUU* 


Figure  IS.  Plane  Stress  Fracture  Specimen 


KiRurft  19.  Double-Lap  ahfinr  Specimen 


Pressure 


Excensometer 


Metal 

Sleeve 


Figure  22.  End-Pressurized  Cylinder 
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TAItl-K  I 


AFRPL  SCREEN ING  CRITERIA  FOR 
SELECTING  CANDIDATE  PROPELLANT 
AND  BOND  TEST  SPECIMENS 


1.  Failure  initiation  from  a  controlled  and  analyzable  singularity. 

2.  Allow  failure  at  the  location  of  weakest  strength  in  the  vicinity 
of  the  bond. 

3.  Provide  engineering  data  that  are  independent  of  specimen  geometry. 

4.  Be  amenable  to  analvsia  to  evaluate  stresses  and  strains  directly 
related  to  motor  analyses. 

5.  Duplicate  the  various  stress  conditions  that  can  exist  in  motors. 

6.  Be  amenable  to  preparation  from  dissected  motors. 
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Criterion  number  5  (duplicate  stress  conditions  in  motor)  involves 
two  types  of  thermal  loading  conditions  (tensile  alone  and  combined  tension 
and  shear)  and  one  type  of  pressurization  loading  (combined  shear  and  super¬ 
imposed  pressure).  A  number  of  tests  were  considered  to  be  unacceptable, 
for  either  of  two  reasons:  (1)  the  motor  loading  condition  could  not  be 
duplicated  or  (2)  the  testing  could  not  be  performed  to  separately  identify 
the  normal  and  shear  components. 

The  following  tests  were  considered  to  be  unacceptable  in  meeting 
criterion  number  5: 

•  Fracture  block  specimen  (Figure  8) 

0  Anti-plane  shear  specimen  (Figure  9) 

0  Cylindrical  peel  specimen  (Figure  14) 

0  Tensile  sleeve  specimen  (Figure  16) 

0  Round-flapped  specimen  (Figure  17)  (After  inclusion  of  a 
central  crack  this  specimen  is  similar  to  a  cylindrical 
peel  specimen) 

•  Plane  stress  specimen  (Figure  18) 

0  Double-lap  shear  specimen  (Figure  19) 

0  Adhesive  fracture  toughness  specinen  (Figure  20) 

0  End-pressurized  cylinder  specimen  (Figure  22) 

Criterion  number  6  (amenable  to  preparation  from  dissected  motors) 
could  be  met  by  all  except  the  following  three  specimens: 


0  Fracture  block  specimen  (Figure  8) 

0  Anti-plane  shear  specimen  (Figure  9) 

0  End-pressurized  cylinder  specimen  (Figure  22) 


The  remaining  specimens  were  subjected  to  further  scrutiny. 


3.3  DESIGN  MORPHOLOGY 


A  simple  screening  cool  was  developed  In  terms  of  Che  specimen 
designs  and  the  three  admissible  modes  of  crack  extension  (Figure  23). 

Combining  these  into  a  morphological  assessment  quickly  reduces  the 
candidate  specimens  to  a  very  few. 

As  illustrated  in  Figure  24,  there  are  only  two  types  of  specimen 
cross  section,  two  crack  placement  methods,  and  three  loading  modes. 

For  the  fracture  tests,  the  torsional  loading  of  circular  cross 
section  specimens  produces  a  parallel  shear  mode,  of  failure  fsee  Figure  23).  This 
mode  of  crack  extension  does  not  meet  the  requirement  of  duplicating  bondline 
stress  conditions  that  can  exist  in  motors.  That  is,  bondline  fractures  in  motors 
consist  of  the  opening  mode  or  forward  shear  mode  alone,  or  the  opening  mode 
plus  the  forward  shear  failure  mode  (see  Figure  25).  Thus,  after  eliminating 
torsional  loading  of  circular  cross  section  specimens,  the  optimum  specimen 
was  selected  from  those  with  rectangular  cross  sections. 

The  dimensional  morphology  of  the  rectangular  specimens  is 
illustrated  in  Figure  26.  This  category  covers  a  broad  range  of  specimen 
designs,  including: 

•  Uniaxial  specimen 

•  Strip-biaxial  specimen 

•  Mid-size  group 

•  Scarf-Joint  specimen 

•  Twin-rail  specimen 

•  Double-notch  specimen 

%  'lectangular  poker  chip  specimen 

The  laboratory  testing  and  structural  analyses  of  these  specimens  further 
reduced  the  number  of  candidates. 
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Figure  21).  Modes  of  Crack  Extension  in  Motors 


3.4  PRELIMINARY  LABORATORY  SCREENING  TESTS 


These  preliminary  tests  were  designed  to  find  the  best  design 
among  the  rectangular  specimens,  then  to  determine  its  approximate 
dimensions.  All  of  the  tests  described  below  were  performed  on  samples 
of  ANB-3066  propellant;  no  liner  was  used. 

3.A.1  Specimen  Behavior 

The  scarf-joint  specimen  with  edge  cracks  and  the  double 
notch  test  specimen  gave  premature  failures  at  the  secondary  bonds  (adhesive 
bonds  to  the  specimen  end  plates).  This  failure  mechanism  prevented  further 
considerations  of  these  designs. 

The  scarf- joint  specimen  with  a  central  crack  and  the 
twin  rail  specimen  both  performed  well  with  no  secondary  bond  failures. 
However,  to  get  a  uniform  fracture  energy  along  the  crack  (e.g.,  a  uniform 
propagation  of  the  crack  front)  it  was  necessary  to  carefully  machine  the 
end  surfaces  of  the  propellant  and,  equally  carefully,  to  align  the  end 
plates  with  respect  to  each  other.  This  was  more  difficult  to  do  in  the 
twin  rail  specimens,  which  may  rule  out  the  design. 

The  strip  biaxial  specimen  produced  s  behavior  that 
saemlcgly  contradicts  elastic  analyses  of  the  design.  That  Is,  it  had  a 
tendency  to  premature  failure  due  to  local  stress  concentrations  at  the 
bonded  surface.  In  a  previous  study  at  Aerojet  R.  C.  Sampson  had 

made  a  Moire'  Fringe  strain  analysis  of  this  specimen  (using  DP-21  inert 
propellant).  He  found  the  biaxial  strain  to  be  greatest  at  1.2  in.  from 
the  end  of  a  seven-inch  long  specimen. 

Figure  27  shows  the  variation  of  longitudinal  strain  at 
two  different  points  in  the  specimen  for  extensions  up  to  0.12  in.  The 
Moire'  pattern  tor  A  -  0.16  in.,  where  the  first  visible  failure  occurred, 
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Figure  27.  Strain  in  DP-21  Biaxial  Strip 
-Sx- 


is  superimposed  on  Figure  27.  The  crack  is  located  about  one-third  the 
distance  from  the  end  of  the  specimen  to  its  midpoint.  The  reason  for 
the  Initial  failure  at  this  location  is  Indicated  by  the  measured  strain 
distribution  for  !x  -  0.12  in.  (Figure  28).  Although  some  scatter  of  the 
data  appears,  the  strain  maximum  in  the  region  around  x  •  1.2  in.  1b 
clearly  evident. 


The  elimination  of  these  specimens  leaves  a  scarf-joint 
specimen  with  a  central  crack.  Its  dimensions  could  vary  over  a  wide 
range  from  the  uniaxial  to  the  poker  chip  designs. 

3.4.2  Preliminary  Assessment  of  Scarf-Joint  Dimensions 

A  simple  experimental  plan  was  devised  to  determine 
the  performance  of  scarf-joint  specimens  of  various  dimensions.  Evaluations 
of  these  specimens  and  crack  initiation  tests  were  made  in  terms  of  the 
following  criteria! 

.  Specimen  preparation 

.  Secondary  bond  failures 

.  The  exlotence  of  a  "toe"  in  the  force-time  trace 

.  The  relative  deformation  at  which  crack  initiation 
occurs 

.  The  relative  sharpness  of  the  crack  tip  at  initiation 

It  is  sufficient  at  present  to  discuss  only  the  elongation 
at  crack  initiation.  In  this  case  the  goal  was  to  find  a  specimen  design 
whose  critical  elongation  was  sufficiently  large  to  minimize  the  effect 
of  the  "toe"  in  the  force-time  curve,  but  not  so  great  that  response  non- 
linearities  should  be  produced  prior  to  crsck  initiation.  Elongation  values 
in  the  range  of  5  to  IX  were  considered  to  be  ideal. 

The  basic  design  for  the  specimen  Is  sketched  in  Figure  29. 
It  has  a  height  H,  a  length  L,  a  depth  B,  and  a  central  crack  length  2a'. 
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The  placement  of  the  crack  was  at  a  distance  b  from  the  lower  end  plate. 
The  test  plan  considered  the  following  range  of  specimen  dimensions  and 
crosshead  rates,  R: 


2a' 

1.0 

to 

2.0  inches 

b 

0.1 

to 

1.0  Inches 

B 

0.25 

to  1  inch 

H 

1  to 

3 

inches 

L 

2  to 

4. 

5  inches 

R 

0.02 

to 

0.50  in. /min 

All  the  testing  was  conducted  at  77*F  using  ANB-3066  propellant  without 
a  liner. 


Table  2  contains  a  tabulation  of  the  specimen  design 
and  test  parameters  together  with  the  critical  elongation,  Al/l,  test 
results.  The  most  notable  features  of  these  test  data  are  (a)  the  narrow 
range  for  the  elongation  data,  0.039  to  0,082  in. /In.  and  (b)  the  acceptable 
elongation  range  waa  satisfied  by  most  of  the  tests.  Both  the  highest  end 
the  lowest  values  were  obtained  from  the  thin,  B  -  0.25  in.,  specimens. 

This  probably  reflects  the  sensitivity  of  the  thin  specimens  to  handling 
damage. 


Specimens  J-12  through  J-32  form  part  of  a  Gracco-lacln 
square  test  plan.  A  partial  analysis  of  the  data  Indicated  that  the  elongation: 

0  increases  as  the  crack  size,  2a',  and  specimen 
height,  H,  decrease 

•  increases  as  specimen  thickness,  B,  Increases 

•  Is  Independent  of  specimen  length,  L 

The  higher  elongation  levels  within  this  test  range  were  considered  to  be  the 
most  stable,  hence  the  optimum  specimen  should  lean  to  the  smaller  dimensions 


TABLE  2.  EXPERIMENTAL  ASSESSMENTS  OF  DIMENSIONAL  VARIATIONS  IN  THE 
SCARF- JOINT  TEST  US1NC  PROPELLANT  ALONE 


-  Te9ts  Conducted  at  77°F  - 


Test 

H,  in. 

W,  In. 

D.  in. 

b ,  in . 

2a/W 

R.  in. /min 

£1/1.  in. /in. 

J-I 

2.0 

3.004 

0.479 

1.0 

0.7 

0.02 

0.054 

J-2 

2.0 

3.020 

0.495 

1.0 

0.5 

0.02 

0.053 

J-3 

2.0 

3.033 

0.491 

1.0 

0.3 

0.02 

0.053 

J-o 

2.0 

3.028 

0.497 

1.0 

0.7 

0.10 

0.048 

J-5 

2.0 

2.947 

0.500 

1.0 

0.5 

0.10 

0.059 

J-6 

2.0 

2.968 

0.520 

1.0 

0.3 

0.10 

0.060 

J-7 

2.0 

3.048 

0.435 

1.0 

0.7 

0.50 

0.050 

J-8 

2.0 

2.922 

0.528 

1.0 

0.5 

0.50 

0.055 

J-9 

2.0 

2.945 

0.460 

1.0 

0.3 

0.50 

0.055 

J-10 

2.0 

3.0 

1.0 

0.5 

0.4 

0.10 

0.060 

J-ll 

2.0 

3.0 

1.0 

0.5 

0.6 

0.10 

0.071 

J-12 

3.0 

4.5 

0.5 

0.1 

0.4 

0.10 

0.065 

J-13 

3.022 

4.5 

0.48 

0.1 

0.4 

0.10 

0.058 

J-14 

3.033 

4.483 

0.438 

0.1 

0.6 

0.10 

0.044 

J-I5 

3.0 

4.5 

0.5 

0. 1 

0.6 

0.10 

0.044 

J-16 

2.0 

2.0 

0.25 

0.1 

0.4 

0.10 

0.055 

J-17 

2.0 

2.0 

0.25 

0.1 

0.6 

0.10 

0.039 

J-I8 

3.0 

3.0 

0.25 

0.2 

0.4 

0.10 

0.044 

J-19 

2.982 

2.8 

0.241 

0.2 

0.6 

0.10 

0.060 

J-20 

2.0 

4.5 

1.0 

0.2 

0.4 

0.10 

0.068 

J-21 

2.0 

4.5 

1.0 

0.2 

0.6 

0.10 

0.064 

J-22 

1.0 

1.968 

0.514 

0.2 

0.4 

0.10 

0.070 

J-2  3 

1.011 

2.038 

0.414 

0.2 

0.6 

0.10 

0.068 

J-24 

2.019 

3.008 

0.422 

0.5 

0.4 

0. 10 

0.069 

J-25 

2.0 

3.018 

0.496 

0.5 

0.6 

0.10 

0.048 

J-2  6 

2.0 

3. 04  7 

0.472 

0.5 

0.6 

0.10 

0.047 

J-27 

1.0 

4.466 

0.267 

0.5 

0.4 

0.10 

0.082 

J-28 

1.0 

4.466 

0.260 

0.5 

0.4 

0.10 

0.073 

J-29 

0.963 

0.484 

0.264 

0.5 

0.6 

0.10 

0.074 

J-  30 

0.964 

4.488 

0.263 

0.5 

0.6 

0.10 

0.071 

J—  31 

1.0 

4.5 

0.30 

0.5 

0.6 

0.10 

0.060 

J-32 

2.988 

1.953 

1.01 

0.  5 

0.6 

0.10 

0.056 

J- 33 

1.0 

3.0 

1  .0 

0.  5 

0.8 

0.  10 

O.C58 

J-34 

2.992 

1.991 

0.971 

0.  5 

0.4 

0.02 

0.058 
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for  H  and  2a' ,  and  to  the  larger  ones  for  B.  The  value  for  L  appears  to 
be  at  the  user's  discretion. 

Following  these  rules,  B  was  tentatively  selected  to  be 
1  in.  This  was  done  for  the  pragmatic  reason  that  specimens  of  that  thickness 
have  a  better  resistance  to  rough  handling.  The  specimen  height,  H,  according 
to  the  available  analyses,  must  be  equal  to,  or  greater  chan,  2b  to  give 
optimum  thermal  benavior  and  Independence  from  Poisson's  ratio  (Section  4). 

It  was  expected  that  L  could  take  on  any  dimension  from  2  to  6  in.  Considering 
potential  applications  in  tests  on  tactical-sized  motors,  a  ahort  specimen 
is  indicated.  But,  practical  crack  sizes  suggest  a  long  specimen.  We  have 
arbitrarily  (as  allowed)  chosen  the  intermediate  value  of  4  in.  for  L.  Thus, 
the  tentatively  selected  standard  test  specimen  had  the  dimensions: 

L  ■  4  in.,  1-2  in.,  B  ■  1  in. 

These  dimensions  were  submitted  for  structural  analyses  and  final  selection 
of  the  standard  specimen  dimensions  (Section  4). 

3.4,3  Experimental  Determinations  of  Interaction  Distances 

Between  the  Crack  Tip  and  Specimen  Boundaries 

To  help  guide  later  studies  of  crack  length,  preliminary* 
measurements  were  made  to  determine  the  minimum  acceptable  dimension,  d, 
between  the  crack  tip  and  nearest  boundary  of  the  test  specimen. 
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These  observations  were  made  using  a  rail  specimen  in  an  optical  comparator. 

The  end  of  the  specimen,  at  the  crack,  looked  like  the  sketch  given  here. 

The  crack  tip  was  observed  at  10  and  20  diameters  magnification  as  the  crack 
progressed  slowly  towards  the  boundary  on  the  right. 

The  distance  d  was  taken  to  be  that  where  the  crack  tin 
and  the  rear  boundary  noticeably  Interacted  with  each  other  (sharp  indentations 
of  the  boundary  and  shear  flows  around  *-he  plane  of  the  crack).  The  measured 
distances  in  three  successful  testa  were: 

0.11  in. 

0.16  in. 

0.11  in. 

Considering  the  variations  between  propellants,  and  the  effects  of  test 
temperature  and  path  dejendence,  a  value  for  d  of  at  least  0.20  in.  will 
te  used. 


4.0 


STRESS  AND  FRACTURE  ANALYSIS  OF  SCARF-JOINT  SPECIKENS 


4.1.  INTRODUCTION 

Selection  of  test  specimen  geomet.y  was  guided  by  finite  element 
analysis  of  cracked  and  uncracked  specimens.  In  addition,  even  though  they 
are  for  linear  elastic  behavior,  these  analyses  provide  insight  into  the 
stress  distribution,  estimates  of  the  J  integral,  and  show  whether  or  not  the 
stresses  near  crack  tips  have  the  desirable  feature  of  being  only  weak  functions 
of  the  thickness  coordinate.  Also,  they  enable  one  to  determine  how  well 
plane  stress  analysis  predicts  energy  release  rates  in  three  dimensional 
(moderately  thick)  samples. 

In  all  cases,  the  analyses  are  for  rectangular  samples  of  length  L, 
height  H,  and  thickness  B,  as  shown  in  Figure  30.  They  were  made  by 
Professor  W.  E.  Halsler,  Jr.,  of  Texas  A&M  University  using  TEXGAP  (Referer  16) 
for  most  two-dimensional  problems  and  AGGIE  I  (Reference  17)  for  three- 
dimensional  problems. 

4.2  TWO-DIMENSIONAL  ANALYSIS  OF  UNCRACKED  SPECIKENS  FOR  THICKNESS  EFFECTS 

The  first  analytical  task  in  the  program  consisted  of  using  TEXGAP 
to  stress  analyze  uncracked  samples  in  order  to  guide  the  selection  of  the 
helght-to-thickness  ratio.  Inasmuch  as  stresses  due  to  e  given  overall  strain 
or  uniform  temperature  change  are  Independent  of  absolute  specimen  size,  the 
thickness  B  was  arbitrarily  taken  as  1  inch,  and  the  height  H  was  varied,  as 
noted  in  Figure  31. 

In  analyzing  this  geometry,  it  is  necessary  to  keep  in  mind  that 
the  specimen  is  to  be  used  to  study  experimentally  fracture  initiating  from 
a  crack  which  Is  in  or  close  to  a  linear  that  is  bonded  between  the  propellant 
and  grip.  The  thickness  of  the  liner  will  be  small  compared  to  sample  thick¬ 
ness  B,  and  therefore  it  is  not  considered  in  the  present  section  which  is 
concerned  with  global  sample  characteristics. 
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Figure  30.  Scarf-Joint  Specimen 
Geometry  and  Coordinate  Notation 


z 


Condi tiona : 

Plane  Strain 
E  ■  Voung's  modulus 
v  -  0.5 
B  **  1.0  inch 

H  *  0,5,  1.0,  2.0,  3.0  inches 

Loading:  c  »  Aotial  displacement  (direction)  divided 

by  H  aoplied  to  rigid  grin  or 

a&T-  Thermal  strain 


Figure  31 .  Parameters  Used  in  Two-Dimensional 
Analysis  of  Uncracked  Samples 
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From  the  standpoint  of  fracture  behavior,  It  Is  desirable  to  use  a 
relatively  chick  sample  to  minimize  global  strains  and  crack  tip  blunting. 

(A  thin  sample  may  undergo  a  large  amount  of  strain  prior  to  significant 
crack  growth,  and  therefore  will  not  correctly  produce  mechanical  behavior 
associated  with  a  case-bonded  grain  which  is  under  three-dimensional  geometric 
constraint  conditions.)  On  the  other  hand,  it  is  desirable  to  use  specimens 
which  are  thin  enough  that  residual  thermal  stresses  are  negligible  and  for 
which  the  near-grip  stresses  are  essentially  independent  of  H.  Also, 
considering  the  variability  of  Poisson's  ratio,  v,  of  propellant,  it  is 
desirable  to  minimize  the  sensitivity  of  stresses  to  v  by  using  relatively 
thin  samples. 


Figures  32-38  exhibit  stress  distributions  for  four  different 
helght-to-thlckness  ratios.  As  plane  strain  is  assumed  (corresponding  to 
the  assumption  L>>H  and  L>>B)the  limiting  value  of  for  very  high  samples 
under  average  axial  strain  is 


o 

zz 

and  thus  with  v 


0.5, 


(57) 


o  /  Ee  "4/3 
zz  /  t 


(58) 


This  value  of  4/3  is  essentially  reached  near  the  central  region 
of  the  sample  when  H  •  3,  as  may  be  seen  by  referring  to  Figures  32,  35  and  36; 
Indeed,  there  Is  little  difference  between  the  H  •  2  and  H  ■  3  cases. 

The  specimen  with  a  height  of  H  •  2  has  a  relatively  uniform 
normal  stress  along  the  horizontal  center  plane  (Figure  32)  and  the  grip 
(Figure  33)  except  near  the  edges.  For  a  shorter  specimen  (H  _<  1  in.)  the 
stress  is  nonuniform,  according  to  Figure  32.  Aleo,  there  is  no  need  to 
use  samples  taller  than  H  ■  2  as  the  uniformity  for  H  ■  3  in.  is  about  the 
same  as  H  •  2  in. 
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Figure  34.  Shear  Stress  o  Along  Line  d-c 
(Grip  Edge)  for  Axial  Extension 
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Figure  37 
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Figure  38.  Shear  Stress  a^t  Along  Line  d-c 

(Grip  Edge)  for  a AT  Thermal  Strain 


Figure  39.  Effective  Modulus  Ratio  for  Specimen  Subjected  to 
Axial  Extension  Along  Line  a-b  for  v  *  1/2 


1 

i 


The  shear  stresses  in  Figure  34  for  H  •  2  in.  and  H  ■  3  in.  are 
essentially  the  same;  Indeed,  the  distribution  shown  is  essentially  that  for 
H  =  ®;  thus,  the  sample  with  H  -  2  does  not  suffer  from  excessive  shear 
stresses  because  of  its  small  height  (compared,  say,  to  a  standard  biaxial 
strip  sample). 


Residual  thermal  stresses  are  very  small  for  all  cases  even  for 

relatively  large  temperature  changes.  Consider  for  example,  AT  -  200#F  and 
-5  -2 

a  -  5x10  /®F,  so  that  oAT  -  10  .  According  to  Figures  37  and  38,  the 

stresses  o^  and  o  are  on  the  order  of  EadT  or  smaller,  except  very  close 

to  the  corners;  thus,  only  if  specimen  failure  strains  were  on  the  order  of 
_2 

10  would  the  residual  stress  or  strain  have  a  significant  Influence  on 
failure  behavior.  Furthermore,  Figure  37  shoVB  that  trlaxlal  constraint 
effects  are  not  significant  for  H  >_  1;  when  H  •  0.5  the  strong  minimum  in 
the  stress  distribution  at  x  ■  0  is  indicative  of  a  thickness  constraint. 


Another  indication  of  thickness  constraint  is  the  rise  in  effective 
modulus,  with  decreasing  values  of  height,  as  shown  in  Figure  39.  By 

definition. 


where 


"eff 


(59) 


a 

Z  8 


1 

A  ^  1  • 


(60) 


is  the  average  axial  stress,  which  is  calculated  by  summing  the  forces 

°lAi  actin8  on  each  element,  and  A  •  F.A^;  stresses  on  the  plane  z  ■  0  were 

used  in  order  to  minimize  numerical  efror  Inherent  in  the  calculation  of 

stress,  which  would  be  greatest  on  z  -  H/2.  It  is  observed  from  Figure  39 

2 

that  approaches  the  correct  limit  E/(l  -v  )  with  increasing  values  of  H. 
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The  above  study  indicates  the  value  H/B  *  2  represents  a  good 

compromise  for  sample  height.  That  this  choice  is  acceptable  with  respect 

to  dependence  on  Poisson's  ratio  is  Implied  by  the  results  in  Table  3.  Namely, 

the  stresses  are  relatively  insensitive  to  Poisson's  ratio;  very  significant 

dependence  on  Poisson's  ratio  results  for  somewhat  shorter  samples.  It 

should  be  noted  that  If  the  stresses  had  been  divided  by  the  plane-strain 
2 

modulus  E/(l  -v  )  instead  of  E,  even  less  dependence  than  shown  in  Table  3 
would  have  resulted. 

On  the  basis  of  the  foregoing  analysis,  we  may  conclude  a  height -to- 
thlckness  ratio  of  two  is  large  enough  that: 

•  Thermal  stresses  due  to  heating  and 
cooling  are  insignificant. 

•  Stresses  due  to  mechanical  loading  are 
relatively  Insensitive  to  Poisson's  ratio 
for  values  close  to  one-half. 

^  The  variation  of  shear  and  normal  stresses 
through  the  thickness  is  essentially  inde¬ 
pendent  of  the  height-to-thickness  ratio. 

4.3  TWO- AND  THREE-DIMENSIONAL  STRESS  ANALYSIS  OF  CRACKED  SPECIMENS 

Stress  analysis  of  the  specimen  geometry  in  Figure  30  with  edge 
and  center  cracks  is  discussed  In  this  section.  Figures  40-42  show  the  finite 
element  models  employed.  In  all  cases  the  total  sample  height  is  taken  as 
H  »  2  Inches  and  the  thickness  as  B  -  1  inch,  in  view  of  the  results  In 
the  preceding  section. 

For  horizontally  centered  cracks,  the  left  edge  (y  -  0)  in 
Figures  40  and  41  is  a  plane  of  symmetry;  i.e.,  the  surface  shear  stress  and 


-73- 


TABLE  3 


EFFECT  OF  POISSON'S  RATIO.  UNIFORM  AXIAL  EXTENSION 
APPLIED.  H  -  2.0  INCH 


At  x-0.25,  Z-0 


V 

°xx/(EV 

azz/(E^> 

o  /CEl  > 

XX  2 

0.5 

-0.0285 

1.49 

-0.00025 

0.495 

-0.0276 

1.47 

-0.00024 

0.49 

-0.0267 

1.46 

-0.00024 

0.48 

-0.0250 

1.43 

-0.00022 

0.45 

-0.0207 

1.35 

-0.00019 

At  x  -  0.04 

and  0.25,  Z  -  1.0 

x-0.04 

x-0.25 

V 

yzz  '<*«> 

o„/(e;2) 

0.5 

1.30 

1.29 

0.375 

0.495 

1.29 

1.27 

0.365 

0.49 

1.28 

1.26 

0.355 

0.48 

1.25 

1.24 

0.336 

0.45 

1.19 

1.19 

0.288 
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Figure  40.  Typical  Finite  Element  Representation 
Used  For  Plane  Stresa/Strain  Analysis  With  TEX GAP 
(157  8-node  quad  elements  plus  crack-tip  element) 


0.2  5  in. 


Figure  41.  Typical  Finite  Element  Representation 
Used  For  Three-Dimensional  Analysis  With  AGGIE  I 
(64  20-node  elements  above  crack  plane;  quadratic 
displacement  function  used  along  element  edges 
and  cubic  function  used  within  element) 

-75- 


horizontal  displacement  vanish  on  y  *  0  and  the  full  sample  length  is  L"  4  inches. 
For  edge  cracks,  the  left  edge  is  a  free  surface;  i.e.,  the  surface  shear  and 
normal  stresses  vanish  and  the  total  sample  length  is  L  *  2  Inches. 

Two  different  vertical  locations  for  the  crack  are  considered: 
a  centered  crack,  b  -  H/2  -  1  inch,  and  a  near-grip  crack,  b  *  H/10  “0.2  inch. 

In  the  latter  case,  the  three-dimensional  model  (Figure  41)  employs  four 
rows  of  elements  above  the  crack  plane  (as  shown)  and  two  rows  below  this 
plane. 


Loading  is  imposed  through  specified  upward  vertical  and  rightward 
horizontal  grip  displacements,  with  the  bottom  grip  fixed.  The  amount  of 
displacement  is  normalized  by  specimen  height,  so  that  the  extension  or 
average  tensile  strain  is  one  input, 


ez  =  vertical  displacement/R 

and  the  shear  or  average  shearing  strain  is  a  second  input, 

;  horizontal  displacement/H 

These  a^e  applied  separately,  as  the  stress  and  displacement  solutions  for 
combined  Inputs  can  be  readily  obtained  by  addition  of  the  individual  results. 
In  all  cases  the  Poisson's  ratio  v  ■  1/2. 


As  a  final  matter  before  presenting  results,  it  Is  to  be  noted 
that  the  symbol  "a"  repreaents  the  full  crack  length  for  an  edge  crack  and 
one-half  the  length  of  a  central  crack.  In  the  section  on  J  Integral 
theory,  a'  was  used  to  denote  a  half-crack  length,  but  for  notatlonal  con¬ 
venience  che  prime  is  now  omitted. 
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Representative  j-esulta  from  the  stress  analyses  of  two-dlmenslonaJ 
problems  are  9ho*m  In  Figures  43-49;  for  comparison  purposes,  some  stress 
distributions  in  specimens  without  cracks  are  drawn.  In  all  cases  the  stresses 
are  divided  by  E^or  Ey  ;  since  linear  elasticity  theory  is  used  and  the 
grips  are  rigid,  *hese  normalized  stresses  are,  of  course,  independent  of 

the  input,  e  or  y  ,  and  the  modulus,  E. 

z  yz’ 

It  is  to  be  observed  that  the  stress  distributions  for  plane  strain 
and  plane  stress  in  Figure  43  are  qualitatively  the  same;  the  amplitude  differ¬ 
ence  is  due  to  the  difference  in  constraint  and  the  fact  that  axial  deformation, 
rather  than  load,  is  the  same  for  both  cases.  The  remaining  plots  of  stresses 
are  for  plane  strain,  as  it  is  believed  to  be  a  more  appropriate  state  of  strain 
for  predicting  shapes  of  the  stress  distributions  associated  with  cracks  ad¬ 
jacent  to  a  grip.  For  comparison,  however,  some  stress  distributions  in 
samples  with  vertically  centered  cracks  are  drawn. 

In  the  ne-xt  section  many  results  directly  applicable  to  fracture 

analysis  are  given  for  plane  stress,  plane  strain,  and  three-dimensional 

problems.  First,  however,  it  is  of  Interest  to  refer  to  Figure  50,  which  is 

a  plot  of  the  normalized  contraction  of  the  free  surface,  x  ■  B/2  "0.5  inches; 

along  the  plane  of  the  crack,  z'  ■  0  (Figure  41).  This  normalized  contraction 

is  -U  /Ee  ,  where  U  is  the  displacement  in  the  x-direetion.  Figure  50  shows 
X  2  X 

the  characteristic  dimple  just  ahead  of  the  crack  tip  (which  i c  easily  seen 
on  samples  of  rubber  at  high  elongations).  Also,  the  formation  of  lips 
(local  thickening  of  the  sample  near  the  crack  surfaces)  is  predicted,  and 
is  represented  by  the  small  positive  and  negative  values  of  contrsction  for 
y  <  a.  Notice  further  that  the  contraction,  a  short  distance  ahead  of  the 
crack  tip,  is  essentially  the  same  as  without  a  crack.  These  results  pro¬ 
vide  some  indication  of  how  complex  the  three-dimensional  problem  Is  and 
also  lend  some  support  to  the  validity  of  the  analysis. 


ee-Dimensional ,  Central  Crack 
Three  Crack  Lengths 


PARAMOS  REIATED  TO  FRACTURE  IN  SCARF- JOINT  SPECINENS 

The  J  InteRial  theory  *«  ^  ‘ 

etc...  analyst®  to  ,-.««*-»  Z-  °<  J  UP 

-  not.  U  the  aectton  on  f~ce-dl.pLee.ent 

to  initiation  of  track  growth  direct  y  lc  „tetials  or 

curves  to, .Cher  «U»  .FRUcatlon  of  ^  son.  .,«»»  -Xysl. 

Equation  (10)  fo,  vlsoosUstlc  .atari  ■  »tb,rvl.a 

nay  useful  to  Cues  th.  »ount  of  «p.rha.ntsl  -R  ‘hat  ^  ^ 

need,  and  to  aid  In  s.l.tln,  ««  .Rack.-  »“*  ^  ^  _  Result. 

r:,  uir.ti^it‘«"x».nt  ...i,... ...  ^ 

methoda  and  dra«  practical  ^luaion«’  [  provide  helpful  Sidelines, 

nonlinear  viacoelaetic  specimens,  it  ia 


For  a  three-dimensional  specimen,  in  general,  the  force^iaplacement 


relation  is 


r  =»  su 

whet,  s  is  th.  spec Uaen ' s  stiffness,  -hlch  Is  . 

AS  .  nsttst  of  notation  ..  -l  .upFO.S  ths  ps  <F,  « 

-  -  rrrr 

y  y  <  p  is  to  be  interpreted  aa  one-half  the  total  load  on  a 

— -  *•  *-  t°t*1  ^ uith  “ 

edge  crack. 

Equation  (7)  In  Section  2.1  beco... 


It  will  be-  helpful  to  rewrite  this  equation  in  terms  of  effective  specimen 
moduli . 


By  definition, 

(Fz/BL') 

Eeff  ~  OTThT 
z 


(63) 


(Fv/BL'> 

Geff  5(u7h) 

y 


(64) 


where  L'  ■  L/2  in  the  case  of  a  central  crack  and  L'  ■  L  with  an  edge  crack. 

The  symbols  Eq  and  Gq  denote  these  effective  moduli,  respectively,  in  specimens 
without  cracks. 


Equations  (62)  and  (63)  yield  the  expression  for  J  under  normal 
displacement  (assumed  positive). 


J 

z 


-  t  E  HI'  e  2  . 

2  o  z  da 


(65) 


and  under  shear  displacement  U 


y’ 


j  - 

y 


4  G  HL’ 
2  o 


Y  23(G  -,/G  > 
y z  erf  o 

5S 


((6) 


where,  as  introduced  previously. 
Equations  (65)  and  (66)  apply  to 
tain  as  special  cases  both  plane 


e  5  U  /H  and  y  =  U  /H. 
z  z  yz  y 

three-dimensional  geometries,  and  thus  con- 
stress  and  plane  strain. 


The  effective  moduli  ratios  E  _,/E  and  G  ,,/G  are  plotted  in 

eff  o  eff  o  r 

Figures  51-58  for  several  two-and  three-dimensional  problems.  According 
to  Equations  (65)  and  (66),  the  J  integral  is  proportional  to  the  slope 
of  these  curves.  Thus,  if  the  slope  is  essentially  constant  over  a  range 
of  crack  lengths,  the  value  of  J  is  independent  of  crack  length  over  this 
range.  For  a  linear  or  nonlinear  material,  experimental  work  and  data  analysis 
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o  □  o 


ure  minimized  whenever  it  Is  known  J  is  independent  of  crack  length.  For 

horizontally  centered  cracks  and  edge  cracks,  it  is  seen  that  the  slope  is 

n. 

essentially  constant  if  0.5  <  a  -1  inches  for  several  of  the  cases  in 
Figures  51,  52,  55,  57  and  58.  for  shear  loading,  the  value  of  J  appears  to 
be  more  sensitive  to  crack  length;  indeed  only  for  an  euKe  crack  with 
b  «=  0.1,  Figure  58,  is  there  a  range  of  crack  lengths  for  which  .1  is 
nearly  constant. 

These  results  indicate  that  for  a  horizontally  centered  crack, 

O, 

the  best  choice  for  initial  length  is  2a  -  1  inch,  and  for  an  edge  crack  one 

a. 

should  use  an  initial  length  of  a  -  0. 5  inch.  Once  a  crack  starts  to 
propagate,  the  rate  of  propagation  may  be  different  through  the  specimen 

thickness,  resulting  in  s  curved  crack  front  or  tip  even  if  the  front  is 

initially  straight.  Table  4  shows  normalized  normal  forces  at  nodal  points 
along  the  tip  for  tensile  loading;  the  area  over  which  each  force  acts  is 

the  same.  In  both  cases,  the  crack  is  close  to  the  grip,  b  -  0.1  inch;  the 

specimen  is  homogeneous  in  the  firat  case,  while  there  is  a  0.1  inch  thick 
soft  liner  in  the  second  case.  With  the  soft  liner,  a  tendency  for  tunneling 
is  predicted  because  the  forces  increase  with  distance  from  the  free  surfaces. 
However,  for  a  homogeneous  specimen,  outer  and  central  forces  are  about  equal, 
with  a  slightly  reduced  force  at  0.25  inch  from  the  free  surface;  In  this  case, 
the  crack  front  could  be  expected  to  remain  relatively  straight,  which  is 
substantiated  by  experimental  observations. 

Let  us  now  return  to  Equations  (65)  and  (66)  and  rewrite  them 
so  that  results  for  plane  stress,  plane  strain,  and  the  three-dimensional 
state  can  be  compared.  Clearly,  it  is  not  particularly  meaningful  to 
compare  energy  release  rates  for  equal  values  of  applied  deformation  because 
of  the  large  difference  in  the  global  effect  of  thickness  constraint  (es¬ 
pecially  with  tensile  loading).  Instead,  let  us  suppose  the  applied  deformation 
is  such  that  the  total  strain  energy  for  each  of  these  three  states  is  the 
same  w  1 1 ho u t  a  crack.  Denote  this  strain  energy  by  W  ;  then  Equation*-  (65) 
and  (66)  become  respectively, 


TABLE  4 


NORMALIZED  NOOAL  POINT  FORCES  ALONG  CRACK 
EDGE  UNDER  TENSILE  LOADING, 

CENTRAL  CRACK.  2a  -  1  INCH,  b  -  0.1  INCH 


F  /Ee  ,  F  /Ec 


(Inches) 

£  Z 

(Homogeneous 

Spec lmens) 

z  z 

(0.1  Inch  Soft  Liner 

E  .  /E  -  0.2) 

liner  prop 

(Center  Plane) 

1 

0 

.00530 

.01123 

0.25 

.00478 

.00783 

(Free  Surface) 

0.50 

.00526 

.00705 

(67) 


J 

z 


/K  ) 
o 


J 

y 


3(C  JC,  ) 
ef  f  o 


(68) 


■  here  B*  =  2B  for  specimens  with  central  cracks  and  B'  *  B  for  the  edge 
cracks.  Thus,  with  this  method  of  selecting  the  deformation,  the  energy  re¬ 
lease  rate  for  each  state  of  stress  can  be  compared  by  simply  comparing  the 
appropriate  slopes  in  Figures  51  -  56.  For  cracks  in  the  range  1  <2a<2  inches, 
Figures  51  and  52  show  that  the  energy  release  rate  decreases  In  the  order 
plane  9train,  three-dimensions ,  plane  stress,  as  one  might  anticipate  from 
the  effect  of  thickness  constraint.  By  contrast,  on  shear  loading,  as 
Figure  54  indicates,  there  is  almost  no  difference  over  practically  the 
entire  range  of  possible  crack  lengths. 


Normalized  effective  moduli  are  given  in  Table  5  for  some  three- 
dimensional  and  plane  stress  cases.  These  moduli  are  equal  to  total  load 
divided  by  cross-sectional  area,  Young's  modulus,  and  the  average  strain. 


£  or  y  Thus,  these  results  serve  to  show  how  close  the  actual  three- 
z  yz  ’ 

dimensional  specimens  are  to  a  state  of  plane  stress  for  the  same  applied 
deformation.  Notice,  for  example,  that  without  a  crack  the  ratio  of  plane 


stress  to  three-dimensional  sample  stiffness  Is  1.25/1.29  ■  0.97.  In 


contrast,  the  stiffness  for  plane  strain  is  relatively  very  high  because 
v  -  1/2. 


The  effect  of  a  soft  liner  on  sample  stiffness  is  also  indicated 
in  Table  5.  These  three-dimensional  results  show  there  is  a  si.  i  ,  but  not 
negligible,  decrease  in  sample  stiffness  with  a  liner,  compared  to  the 
stiffness  of  a  homogeneous  sample.  The  effective  moduli  which  are  given 
enable  one  to  estimate  energy  release  rate  from  Equations  (65)  and  (66). 
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Table  6  gives  stress  intensity  factors  for  several  cases  of 
plane  stress  and  strain.  The  skew-symmetric  shear  mode  factor,  ,  can  have 
significant  effect  on  the  trajectory  of  crack  growth.  For  edge  cracks,  it 
is  to  be  observed  that  the  dependence  of  on  crack  length  is  quite  irregu¬ 
lar;  this  behavior  is  a  result  of  the  high  corner  shear  stresses  which  interact 

with  the  shear  stresses  due  to  the  crack  itself.  Interpretation  of  data  from 

near-grip  edge  cracks  therefore  will  be  difficult  because  of  this  behavior. 

It  is  noted  for  these  2-D  problems  that  where  a  soft  liner  is  used,  the  crack 
i9  not  at  the  interface;  but,  instead  it  is  a  small  distance  into  the  propellant. 

The  energy  release  rate  is  readily  predicted  from  these  stress- 
intensity  factors  (e.g.,  Equation  (37)  )  in  Section  2.  Specifically, 

J  -  |  (Kx2  +  Kn2)  (69) 

where  C  »  1  for  plane  stress  and  C  “  1  -  v2  -  0.75  for  plane  strain;  E  is 
Young's  modul  j  of  the  propellant. 

As  a  final  matter,  it  will  be  shown  that  the  results  in  this 

section  for  central  cracks  can  be  used  to  predict  energy  release  rate  for 

mixed  tensile  and  shear  loading.  Specifically,  the  upper  grip  displacement 
amplitude,  U,  and  orientation,  9,  (relative  to  the  lower  grip)  are  given  by 


u  -  V  \ u  2  +  u  2 

(70) 

z  y 

«  ■  tan~*  U  !V 

(71) 

y  z 

As  linearity  is  assumed, 

F  =  S  U  +  S  U 

(72) 

y  y  y  yz  z 

F  -  S  U  +  S  l! 

(73) 

z  yz  y  z  z 
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TAB Ut:  6 


Page  1  ol  2 


NORMALIZED  TWO-DIMENSIONAL 
STRESS  INTENSITY  FACTORS* 


Plane 

Strain 

Plane 

Stresa 

*1 

K2 

K1 

*2 

Central  Crack, 

r  Applied 

b 

-  i.o. 

2a  - 

1.0 

2.28 

0 

1.11 

0 

b 

-  1.0, 

2a  * 

2.0 

1.76 

0 

1.08 

0 

b 

■  1.0, 

2a  • 

3.0 

1.50 

0 

1.04 

0 

b 

-  0.1, 

2a  - 

1.0 

2.11 

-0.42 

0.94 

-0.21 

b 

-  0.1, 

2a  - 

2.0 

1.85 

-0.49 

1.02 

-0.32 

b 

-  0.1, 

2a  - 

3.0 

1.56 

-0.55 

1.01 

1 

-0.37 

Edge  Crack,  e 

z 

Applied 

i 

i 

b 

»  1.0, 

a  - 

0.3 

1.55 

0 

1 .02 

0 

b 

-  1.0, 

a  - 

1.0 

1.66 

0 

1.07 

0 

b 

-  1.0, 

a  - 

1.5 

1.50 

0 

1.04 

0 

b 

-  0.1, 

a  ■ 

0.  5 

1.40 

0.20 

0.89 

'■  -0.07 

1 

b 

-  0.1, 

a  - 

1.0 

1.49 

-0.05 

0.97 

-0.21 

b 

"  0.1, 

a  - 

1.5 

1.47 

-0.33 

i 

0.99 

1  -0.33 

| 

Edge  Crack,  o^z  Applied 

| 

j 

b 

-  1.0, 

a  * 

0.  5 

0 

|  0.25 

0 

j  0.23 

b 

-  1.0, 

a  * 

1.0 

0 

!  0.12 

0 

1  0.45 

b 

-  1.0, 

a  ■ 

1.5 

0 

!  0.63 

1 

1 

0 

'  0.52 

b 

-  0.1, 

a  • 

0.  5 

0.  31 

i 

!  0.14 

0.30 

|  0.10 

b 

-  0.1, 

a  c 

1.0 

0.12 

1  0.28 

0.15 

'  0.24 

b 

=  0.1, 

a  = 

1.5 

0.02 

0 . 4  7 

0.04 

0.40 
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TABLE  6  (Continued) 


Page  2  of  2 


NORMALIZED  TWO-DIMENSIONAL 
STRESS  INTENSITY  FACTORS* 


Plane 

Stra in 

Plane 

Stress 

K, 

K„ 

K, 

K 

1 

2 

_1 _ 

2 

Central  Crack, 

°yZ  Applied 

T - 

i 

b  -  1.0, 

2a  -  1.0 

0 

0.41 

0 

I  0.40 

b  -  1.0, 

2a  -  2.0 

0 

0.55 

0 

|  0.50 

b  -  1.0, 

2a  -  3.0 

0 

0.64 

0 

0.  54 

b  -  0.1, 

2a  -  1.0 

0.04 

0.32 

0.06 

0.30 

b  -  0.1, 

2a  -  2.0 

0.C2 

0.43 

0.07 

0.40 

b  -  0.1, 

2a  -  3.0 

-0.03 

0.57 

0.03 

0.50 

Central  Crack, 

Applied, 

0.05  Inch  Soft 

Liner 

' 

(E. ,  /E 

liner  prop 

-  0.2) 

1.91 

-0.35 

0.91 

-0.10 

1.71 

-0.43 

0.98 

-0.19 

1.47 

1 

-0.43 

0.97 

-0.19 

Edge  Crack,  r 

z 

Applied , 

i 

! 

0.05  Inch  Soft 

Liner 

! 

(E,.  /E 

liner  prop 

-  0.2) 

i 

1 

! 

1.40  ! 

0.20 

0.89  ' 

-0.07 

1.44  ! 

-0.12 

C .  94  ; 

-0.13 

i 

-0.34 

0.95 

-0.19 

i 

i 


*  CracV  Tip  Detail  for  Cases  V  and  VI 
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Let 


A  =  U  /U 

y  * 


(74) 


and 


(75) 


Assume  X  is  constant  during  actual  or  virtual  crack  growth.  Then,  Equat 
may  be  used,  where  S  is  the  ratio  of  force  to  displacement  amplitudes. 
Fur  those  cases  in  which  S  ■  0,  we  obtain  from  Equations  (70)  -  (75), 


2  2 
S  +  S  A 

_2 _ X_ 

1  +  a' 


2  ~ )  1/2 


(76) 


Also,  from  Equations  (63)  and  (64), 


s, '  nr1  ha 


BL'  r 

nr  Geff 


(77) 


The  stiffness  associated  with  tensile-snear  coupling,  S  ,  vanishes  for  all 

scarf-joint  specimens  without  a  crack  and  with  a  horizontally  centered  crack. 

This  observation  can  be  proved  by  referring  to  Equation  (73),  and  considering 

only  shear  displacement  ( U ^  -0).  If  S^z  f  0,  and  we  change  the  sign  of  , 

F  changes  sign.  However,  except  for  samples  with  edge  cracks,  the  specimens 
z 

are  symmetric  with  respect  to  the  x-z  plane,  and  therefore  the  induced 

force  F  cannot  change  sign.  Thus,  we  must  conclude  S  *  0. 
z  yz 


Consequently,  Equation;:  (76)  -  ;7?'  an/  (62)  can  ue  used  to 

predict  sample  stiffness  and  energy  release  rate  for  mixed-mode  loading.  This 
hservat ion ,  together  with  the  complex  variation  of  K  with  near-grip  edge 
cracks,  makes  samples  with  horizontally  centered  cracks  more  desirable  than 
those  with  edge  cracks.  Two  additional  reasons  for  using  centered  cracks  are: 
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•  With  axial  loading  there  is  a  high  tensile  stress 
acting  along  the  grip  near  the  central  region  for  a 
sample  without  a  crack  or  with  a  short  edge  crack; 
this  high  stress  nay  lead  to  prenature  failure  at 
the  bondline.  In  contrast,  this  stress  is  relieved 
in  a  specimen  with  a  central  crack. 

•  The  opening-mode  stress  intensity  factor,  K^, 
under  shear  loading  is  very  small  compared  to  the 
anti- symmetric  stress  intensity  factor,  ;  for 

an  edge  crack  the  value  of  is  comparable  to  that 

of  K  j,  making  interpretation  of  the  data  more  difficult. 


5.0 


STANDARDIZATION  OF  PREPARATION  AND  TEST  PROCEDURES 


A  specific  set  of  preparation  and  teat  procedures  evolved  over  the 
course  of  the  experimental  program.  The  resulting  procedures  are  rather  com¬ 
plex  and  are  presented  in  detail  in  Appendix  A. 

Many  of  the  features  of  this  test  are  unique  and  are  described  below. 

A  few  special  items  are  described  later  in  conjunction  with  the  particular  tests 
to  which  they  apply.  The  unique  features  described  here  include  the  following 
categories: 


.  Refinements  in  specimen  design 
.  Crack  detection  and  displacement  measurements 

.  Data  Acquisition  System 

.  Toes  and  holes 

.  Data  Reduction  Methods 

The  experimental  procedures  were  developed  in  the  course  of  actual 
laboratory  tests,  the  J  Integrals  of  which  are  presented  in  Section  6.0. 

5.1  EMPIRICAL  REFINEMENTS  TO  SPECIMEN  DESIGN 


Three  design  modifications  to  the  scarf-joint  specimen  were  derived 
from  the  experimental  results.  The  first  involved  stress  relief  cf  the  speci¬ 
men  ends  to  prevent  premature  failures  there.  The  second  modification  had  to 
do  with  the  maximum  tolerable  crack  length  while  the  third  considered  further 
the  effects  of  specimen  size.  These  three  modifications  are  described  below. 

5.1.1  Edge  Stress  Relief 

Three  designs  of  edge  stress  relief  were  considered. 

These  are  shown  in  Figure  59.  Design  1  worked  well  and  was  easier  to  prepare 
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Candidate  Designs  tor  Edge  Stress  Relief 


chan  Design  2.  Design  3  (45°  angle  cuts)  Is  Che  least  expensive  co  make  and 
is  convenient  to  manufacture  In  the  laboratory.  However,  in  some  of  the  later 
testa  at  0®F  some  cracking  was  observed  at  the  tips  of  the  cuts.  Design  1  was 
finally  selected  as  the  standard  and  was  used  in  most  of  the  testing. 

5.1.2  Optimisation  of  Initial  Crack  Length 

A  large  shear  component  la  known  to  exlat  in  specimens 
with  long  cracks  (Section  4.0)  Besides  complicating  the  data  analysis,  this 
component  also  contributes  to  the  nonlinearity  of  the  force-time  traces. 

A  special  set  of  testa  was  performed  to  evaluate  crack- 
length  dependency  In  the  scarf- Joint  teat.  These  testa  were  conducted  on 
Minuteman  propellant-liner  bond  specimens  with  initial  crack  sl2ea,  2a', 
varying  from  0  to  2  Inches  and  croaahead  speeds  of  0.02,  0.10  and  0.50  Inch 
per  minute. 


The  analytical  relation  for  deriving  the  J  integral  from 

the  teat  data  la: 


J 


-A  -1 

3a 


c(a,U)  u“dU 


(78) 


where:  J  is  the  J  Integral 

U  is  the  point  load  tensile  displacement  of  the  test  specimen 
t  is  the  testing  time 
m  is  an  empirical  constant 

The  values  of  c(a,U)  and  m  are  obtained  from  crossplocs  at 
constant  a  and  U  according  to  the  following  relationship: 

i  -  c(a  ,U)Rm  (79) 

where  f  is  a  normalited  pulling  force  and  R  is  the  crosshead  speed. 
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The  values  o[  m  were  obtained  from  linear  regression 
analyses  of  log  f  versus  log  R. 

The  nonlinearities  due  to  crack  size  were  found  to  affect 
primarily  the  Integral  term  in  Equation  (78).  Plots  of  that  Integral  versus 
crack  length  2a',  are  given  in  Figure  60. 

The  integral  for  the  2-inch  crack  falls  below  the  straight 
line  projected  from  the  values  at  smaller  crack  sizes.  Considering  the 
curves  in  Figure  60,  the  largest  crack  size,  2e ' ,  that  would  fit  a  straight 
line  projection  is  1.6  inches.  That  upper  limit  was  used  for  the  remainder 
of  the  experimental  program. 

5.1.3  Further  Considerations  of  Specimen  Size 

The  earlier  experimental  considerations  (Section  3.4.2) 
indicated  the  optimum  specimen  dimensions  to  be  roughly  L  ■  4  in.,  H  -  2  in., 
and  B  ■*  1  in.  This  specimen  size  was  used  aa  the  basic  design  for  the  analysis 
in  Section  4.0.  As  the  experimental  efforts  continued  there  were  indications 
that  larger  specimens  would  give  higher  load  readings  and,  possibly,  more 
sensitivity  to  crack  size  changes. 

The  height  of  the  specimen,  as  originally  observed,  was 
dictated  by  the  method  for  detecting  crack  initiation  (see  below).  Thus,  the 
length,  L,  and  breadth,  B,  of  the  specimen  weie  the  only  parameters  amenable 
to  further  investigation.  To  simplify  the  plan,  considerations  were  limited 
to  Che  simple  grid  shown  in  Table  7,  where  the  behavior  of  the  base  specimen 
design  (4  x  2  x  1-in.)  is  compared  with  that  of  a  two-inch  longer  (L  »  6  in.) 
specimen  and  of  a  specimen  that  is  one-inch  broader  (B  ■  2  in.).  These 
specimens  used  the  earlier,  edge  stress  relief  design;  design  l  in  Figure  59. 
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Crack 


TABLE  7. 


EXPERIMENTAL 

(H  -  2 


ASSESSMENTS  OF  DIMENSIONAL  VARIATIONS 
in.)  USING  ANB-3066/SD-851-2/V-45 


Crosshead 
Speed , 

4  m  /  m  ^  o 


Teat  Matrices  at  77°F 


1.0  0.02 

0.10 

0.50 

2  0  0.02 

0.10 

0.50 

1.0  0.02 

0.10 

0.50 


XX 

X 

X 

X 

X 

X 

X 

XX 

XX 

XX 

X 

X 

X 

X 

XX 

XX 

X 

X 

X 

XX 

X 

X 

XX 

XX 

X 

indicates  test  conducted. 


Both  of  the  bigger  specimens  developed  large  shear  and  normal 
stresses  along  the  edges  at  the  propellant-liner  bond.  Aa  shown  In  Figure  61, 
the  broader  specimen  curled  along  the  sides  of  the  specimen  while  the  long  one 
curled  In  along  the  sides  and  at  the  outside  edges.  These  curling  effects 
caused  sufficient  stress  relief  at  the  crack  tips  so  that  secondary  bond  failures 
occurred  instead  of  crack  initiation.  The  secondary  bond  failures  took  place 
between  the  insulation  and  the  supporting  end  plate.  The  curling  effects  also 
greatly  modified  the  force-deformation  traces  so  that  they  markedly  departed 
from  the  power-law  relation  that  was  found  applicable  to  data  from  the  basic 
design  (see  Section  5.5). 

The  three  effects  of  the  curling  (non-uniform  crack  propagation, 
secondary  bond  failures  and  deviations  from  the  power-law  relation)  precluded 
using  the  larger  specimens  for  this  testing.  Occasionally,  these  effects  are 
seen  in  small  degrees  in  testa  of  the  basic  specimen,  making  this  design  the 
largest  size  that  should  be  used.  Thus,  the  basic  specimen  design,  within 
the  many  constraints  imposed  upon  it,  is  reasonably  close  to  the  optimum  dimensions. 

5.2  CRACK  DETECTION  AND  DISPLACEMENT  MEASUREMENTS 

The  primary  measurements  in  the  J  integral  test  involve  methods 

for: 


1.  Measuring  the  applied  force 

2.  Proving  measures  of  point  load  displacement 

3.  Defining  initiation  of  the  crack 

The  force  measurements  are  obtained  using  veil  qualified  commercial 
load  cells,  and  need  no  further  description  here.  The  latter  two  measurements 
have  some  unique  characteristics  and  are  described  below. 
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a.  One-Inch  by  Six-Inch  Long  Specimen 


b.  Four-Inch  by  Two-Inch  '-Jide  Specimen 


Figure  61.  Curling  Along  Sides  and  at 

Ends  of  Oversized  Scarf-Joint 
Teat  Specimens 
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5.2.1  S£  eclmen  Displacement  Measurements 

To  verify  that  the  scarf-joint  bond  specimen  has  been 
uniformly  extended  (the  end  plates  remaining  parallel  to  each  other)  an  ex¬ 
tension  monitoring  unit  was  devised.  This  unit  consists  of  four  extensometers 
mounted  on  a  flat  plate  which,  in  turn,  is  attached  to  the  upper  end-plate  of 
the  test  specimen.  Figure  62.  A  second  flat  plate  Is  mounted  to  the  lower  end- 
plate  of  .he  specimen.  The  four  extensometers  are  designed  to  measure  the 
displacements  at  the  four  corners  of  the  test  specimens. 

For  most  carefully  conducted  tests,  the  end-plates  remained 
parallel  within  an  angular  deflection  of  0.2°.  Although  we  would  prefer  a  narrower 
limit,  this  appears  to  be  reasonable  and  is  within  the  expected  reproducibility 
(statistical  effects  due  primarily  to  liner  thickness  variations  in  specimen 
preparation)  . 


To  maintain  the  parallel  displacement  of  the  scarf-joint 
bond  specimen,  it  was  necessary  to  couple  the  two  end-plates  rigidly  to  the 
tensile  tester.  This  required  replacement  of  the  standard  univeral  joint  with 
a  short  rigid  bar.  For  the  Instron  Tensile  Testers  this  also  meant  a  change  in 
the  load  cell  to  one  that  would  allow  rigid  coupling,  A  Lebow  Model  3169-104 
load  cell  was  used  for  these  tests. 

5.2.2  Detection  of  Crack  Initiation 


5. 2. 2.1  Concept 

The  method  selected  for  this  measurement 

(18) 

called  acoustic  prof ilography,  which  was  developed  at  Aerojet  in  1973 
In  this  approach  a  sound  wave  Is  pulse-generated  in  a  PZT  transducer  and 
transmitted  through  the  test  epeclmen.  The  key  measurement  is  the  time  required 
for  the  ultrasonic  pulse  to  traverse  the  specimen  after  diffracting  around  the 
crack  tip,  a  longer  traverse  time  being  required  after  rhe  crack  has  propagated. 
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lgure  62.  Parallel  Displacement  Monitoring  Fixture  for 
the  Scarf-Joint  Specimen 
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Figure  63  illustrates  the  relative  placamenta  of 
the  transmitting  and  receiving  PZY  crystals  and  the  Interposed  crack.  Since 
the  path  also  increases  as  the  specimen  is  stretched  there  will  be  a  linear 
continuously  increasing  traverse  time,  as  illustrated  in  Figure  64.  Upon  crack 
Initiation  and  growth,  the  traverse  time  suddenly  Jumps  and  changes  slope, 
leaving  a  clearly  identifiable  initiation  point  (also  shown  in  Figure  64). 

Using  this  technique,  a  propagation  of  the  crack 
tip  of  as  little  as  six  mils  can  be  detected  with  state-of-the-art  data  acqui¬ 
sition  equipment.  However,  the  very  soft  liner  used  in  this  study  produced 
poker-chip  type  fractures  that  sometimes  interfered  with  the  acoustic  signal 
giving  anomalous  results.  This  behavior  and  a  corrective  technique  are  dis¬ 
cussed  later  in  the  report. 


A  specially  modified  data  acquisition  system  was 
used  for  the  ultrasonic  measur anents ,  in  addition  to  the  collection  of  other 
relevant  test  data.  As  part  of  the  background  data  needed  to  design  that 
system,  preliminary  tests  were  conducted  as  discussed  below. 

5. 2. 2. 2  Tests  on  Specimens  Cut  from  Motors 

To  demonstrate  the  applicability  of  acoustic 
prof llography  to  dissected  motor  samples,  we  conducted  sound  transmission  tests 
through  an  insulated  titanium  case  section.  The  sound  was  sent  through  a 
two-inch  layer  of  propellant,  plus  the  liner,  insulation  and  case.  A  small 
hole  was  cut  through  the  case  to  permit  direct  access  to  the  insulation  in 
order  to  make  comparative  measurements  of  signal  strengths  with  and  without 
the  case. 


As  illustrated  by  the  oscilloscope  traces  In 
Figure  65,  the  magnitude  of  the  leading  edge*  of  the  received  pulse  was  the 
same  whether  through  the  case  (Figure  65b)  or  Just  to  the  insulation  surface 
(Figure  65a).  This  result  should  greatly  simplify  those  testB  where  the  case 
materials  must  remain  attached  to  the  test  specimens. 


*  Th  ?  is  the  reference  point  for  the  traverse  time  measurements. 
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figure  64.  Detection  of  Crack  Initiation 


Acoustic  Transmission  Output 
With  and  Without  the  Titaniu 


5. 2. 2. 3  Operating  Frequency 


The  necessary  exposure  of  some  lead  wires  i-.i 
Che  scarf-joint  tests  causes  interference  and  noise,  so  the  received  signals 
have  to  be  enhanced  by  the  use  of  filters.  To  aid  filtering,  the  natural 
frequency  of  the  transmitting  crystal  has  to  be  as  high  a9  possible,  where 
removal  of  low  frequency  interference  is  easier. 

The  cousnerc tally  eveilabl"  PZT  crystals  In  the 
preferred  one- inch  diameter  had  thicknesses  of  0.035  and  0.10  Inches.  When 
driven  with  175  volt  transmit  pulses,  both  of  these  crystals  gave  strong  signals 
across  slabs  of  solid  propellant.  The  measured  frequencies  and  the  magnitudes 
of  the  leading  edge  of  the  received  pulse,  in  volts,  are  listed  below. 


Transmitter 
Thickness,  in. 

Natural 

Frequency 

Thickness  of 
Propellant,  in. 

Received 

Pulse, 

Volts 

0.035 

2.25  MHZ 

1.50 

0.15 

3.20 

0.06 

0.10 

780  KH2 

1.50 

0.075 

3.20 

0.025 

The  2.25  MHZ  transmitter  (0.035  in.  thick  by 
one-inch  diameter  PZT  crystal)  is  indicated  as  the  proper  choice  for  the  filtering. 

5. 2. 2. A  Optimum  Placement  of  PZT  Crystals  Relative  to 
the  Crack  Tip 

In  a  series  of  experiments,  the  receiver  PZT  was 
placed  at  various  positions  relative  to  the  crack  tip,  using  the  centerpoint 
of  the  crystal  as  the  reference.  This  experiment  is  illustrated  in  Figure  66. 

The  strength  of  the  received  signal,  measured  at  each  position,  is  plotted  in 
Figure  67.  The  placement  of  the  crack  edge  at  0.5  inch,  is  also  shown.  The 
resulting  parabolically  shaped  curve  clearly  indicates  that  the  best  placement 
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of  the  cryatal  la  with  Its  centerpolnt  placed  over  the  edge  of  the  crack.  At 
that  location  the  rate  of  change  of  the  received  signal  should  be  greatest, 
hence  the  test  would  be  the  moat  sensitive. 

5. 2. 2. 5  Final  Design  of  the  Scarf-Joint  Specimen  with 
Acoustic  Prof llographv 

The  final  design  of  this  specimen  Is  shown  In 
Figure  68.  The  PZT  transmitting  cryatal  la  potted  with  epoxy  Into  a  hole  cut 
Into  the  center  of  the  top  plate.  The  PZT  receivers  are  potted  Into  holes  cut 
In  the  lower  end-plate.  The  holes  are  centered  under  the  ends  of  the  crack  and 
half-way  between  Che  front  and  back  faces  of  the  lower  plate. 

5.3  DATA  ACQUISITION  SYSTEM 

The  data  acquisition  system  used  for  these  testa  was  programmed 
for  system  calibrations,  to  acquire  data,  to  perform  the  appropriate  calculations, 
and  then  to  printout  and/or  plot  the  teat  results.  Fourteen  functions  were 
designated  for  this  monitoring;  they  are: 

1.  Environmental  temperature 

2.  Specimen  temperature 

3.  Environmental  pressure 

4.  Time  In  testing 

5.  Crosshead  displacement 

6.  Tensile  component  of  crack  displacement 

7.  Shear  component  of  crack  displacement 

8.  Load  cell  force 


9. 

Atl 

(Time 

interval 

for 

ultrasonic 

pulse 

to 

traverse 

specimen) 

10. 

At2 

(Time 

Interval 

for 

ultrasonic 

pulse 

to 

traverse 

specimen) 

11. 

At3 

(Time 

Interval 

for 

ultrasonic 

pulse 

to 

traverse 

specimen) 

12. 

A  t4 

(Time 

interval 

for 

ultrasonic 

pulse 

to 

traverse 

specimen) 

13. 

At5 

(Time 

Interval 

for 

ultrasonic 

pulse 

to 

traverse 

specimen) 

14. 

*t6 

(Time 

Interval 

for 

ultrasonic 

pulse 

to 

traverse 

specimen) 
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PZT  Receivers 

Figure  68.  Scarf-Joint  Specimen  with  Acoustic  Prof ilography 


Channels  9  through  14  were  designated  to  monitor  crack  initiation 
times  and  crack  propagation.  These  latter  measurements  were  not  made  on  this 


program. 

5.4  TOES  AND  HOLES 


Two  testing  anomalies  that  affected  the  test  development  efforts 

are: 


1.  "Toes"  in  the  force-time  trace 

2.  Microscopic  holes  formed  in  the  liner  at  the  crack 

front . 

Special  development  efforts  were  required  to  solve  each  of  these 
problems.  The  problems  and  their  solutions  are  summarized  below. 

5.4.1  Toes  in  Force-Time  Trace 

The  initial  portion  of  the  force-time  trace  has  a  different 
curvature  from  that  of  the  remainder  of  the  curve.  Figure  f>9  gives  sketches  of 
three  different  toe  shapes  observed  in  this  testing.  The  difference  in  the 
9train  energy  between  the  curves  represents  less  than  2%  of  that  required  to  fall  the 
specimen,  so  that  feature  is  not  considered  to  be  important. 

Since  the  toe  represents  the  point  of  reference  for  the 
displacement  measurements,  there  can  be  a  sizeable  effect  between  the  different 
toes.  Differences  of  more  than  15%  of  the  critical  displacement  have  been 
observed.  This  is  clearly  a  significant  effect  and  required  resolution  in 
order  to  give  a  proper  measure  of  the  critical  displacement  of  the  test  specimen. 

The  toe  marked  "loose  assembly"  in  Figuie  69  indicates  the 
curve  shape  when  the  effect  was  initially  observed.  As  techniques  were  improved  in 
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■  Ttfiat  rifflr-Tifai 


Figure  69.  Improvements  in  "Toe"  1 
Force-Time  Trace 


specimen  preparation  and  te9t  alignment,  the  curve  changed  to  that  marked 
"linear",  then  to  the  "rigid  assembly"  curve.  Later  Lhe  quality  of  a  test 
9et-up  could  often  be  evaluated  by  comparison  of  its  toe  with  the  rigid 
assembly  curve  in  Figure  69. 

b . A . 2  Liner  Fractures  in  Advance  of  Crack  Propagation 

Micro-fractures*  within  the  weak  5D-851-2  ’ iner  have  been 
observed  to  occur  in  some  specimens  prior  to  the  onset  of  crack  propagation. 

The  microfractures  were  observed  microscopically  and  found  to  be  of  two  types; 
"tunnels"  and  "cones".  The  tunnels  were  small  holes  emanating  from  the  edge 
of  the  crack  and  running  perpendicular  to  the  edge  (Figure  70b).  No  attempt 
was  made  to  determine  the  length  of  the  tunnels. 

The  cones  appear  to  have  originated  au  interior  three- 
dimensional  fractures  of  the  poker-chip  type.  Then,  they  propagated  to  the 
propellant-liner  interface  giving  the  appearance  of  an  expanding  cone. 

Figure  70a  illustrates  this  cone,  the  mechanism  of  propagation  from  the  three- 
dimensional  crack  is  conjectured. 

The  Impact  of  these  microscopic,  heieo  upon  the  strain 
energy  was  negligible.  Figure  71.  But,  the  hole-'  did  "b<iorb  the  transmitted 
ultrasound  and  gave  an  early  indication  of  crack  Initiation  (a  large  Increase 
In  transit  time  is  suddenly  observed). 

A  correction  technique  to  define  the  true  crack 
initiation  was  devised.  It  involved  looking  for  o.  second  step  in  the  transit 
time.  If  the  transit  time  step  caused  by  the  holer:  is  not  large,  this  second 
step  is  a  reasonable  indicator  of  crack  initiation.  If  the  :'irst  step  is 
large,  then  the  transit  time  associated  with  crack  initiation  is  hidden  in  the 
noise  of  the  dsta,  and  no  measure  of  the  criticsl  point  can  be  rude. 


*  The  local  three-dimensional  stress  condition  at  the  crack  front  and  the 
low  modulus  of  lin«r  are  blamed  for  these  fractures. 


Figure  70.  Tunnel  and  Cone  Fractures  in  Liner  Near  the  Crack  Front 


Regression  line  fitted  over  central 
region  of  curve 
Force-A  trace 


Comparison  with  Optimum  Regression  Line 


When  the  acoustic  measure  does  not  work,  then  crack 
initiation  is  taken  as  the  point  where  the  curve  deviates  from  a  straight  line 
in  a  log-log  plot  of  F  versus  U. 

5.5  DATA  REDUCTION  METHODS 

There  are  two  methods  worth  considering.  The  first  is  a  general 
method  chat  allows  for  highly  nonlinear  behavior.  The  second  is  a  relatively 
easier  method  to  use  and  is  based  upon  the  power  law  relationship.  These  data 
reduction  methods,  together  with  laboratory  observations,  lead  to  a  recommended 
pattern  for  the  testing. 

5.5.1  General  Method  of  Data  Reduction 


This  method  permits  the  use  of  both  linear  and  nonlinear 
behaviors,  as  described  in  Section  2.  The  J  Integral  is  derived  from  the  test 
data  using  the  following  equations: 


J 


2t  HI' 


c(2a',U)UmdU 


(80) 


where:  U  is  the  point  load  tensile  displacement  of  the  test  specimen 
t  is  the  testing  time 

The  values  of  c(a,U)  and  m  are  obtained  from  crossplots  at 
constant  a  and  U  according  to  the  following  relationship. 

f  -  c(a,U)R®  (81) 

where  f  is  a  normalized  pulling  force  and  R  Is  the  crosshead  speed 

f  •  F/2B  (82) 

The  values  of  m  and  c(a,U)  were  obtained  from  linear  regression 
analyses  of  log  f  versus  log  R ,  whero  R  is  limited  to  a  narrow  range  (a  factor 
of  25).  Then,  integration  at  constant  time  a  followed  by  partial  differentiation 
with  respect  to  crack  size  to  obtain  J. 
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Hand- trimmed  specimens  of  ANB-3066/SD-851-2  propellant-liner 
bond  (numbered  J-71  through  J-82)  were  used  to  evaluate  this  method  early  in 
the  program.  These  specimens  were  tested  at  77  °F  at  three  crosshead  speeds  and 
five  crack  sizes. 

/'ll 

Table  8  contains  a  tabulation  of  the  integral^/  c(a,U)Un’dU 
as  a  function  of  U  for  the  five  test  crack  Lengths.  The  partial  derivative 
of  that  integral  is  also  tabulated  in  Table  8  along  with  the  calculated  J  integral 
values,  which  are  also  plotted  in  Figure  72. 

To  complete  the  analyses  of  these  specimens,  the  observed  crit¬ 
ical  displacements,  Uc>  are  provided  in  Table  9  along  with  the  corresponding  values 

of  JT  .  The  test  results  are  consistent,  but  are  not  considered  to  be  accurate 
ic 

considering  the  preliminary  nature  of  the  specimen  preparation  and  testing 
procedures. 


5.5.2  Power-Law  Approach 

This  approach  is  more  convenient  to  use  and  may  be  treated 
graphically  or  on  a  computer.  It  is  an  extension  of  Equation  (81)  and  assumes 
a  further  separation  of  the  variables  to  give  the  following  power-lav  relation. 

f  •  K(a)  R®u"  (83) 

where  K(e)  Is  constant  for  any  given  test,  but  is  s  function  of  crack  size,  a, 
while  n  la  an  empirical  constant.  The  parameters  R,  U  and  m  era  defined  as  before. 
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Table  8.  J  Integral  Values  Following  the  General  Method  of  Analysis* 


Integral  veraun  U  as  Determined  by  General  Method 


TABLE  9 
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The  J  integral  derived  from  the  power-law  relation  can 
be  of  either  of  the  following  forms: 


J  -  V  t”mU1+m+1'  (84) 

or,  for  constant  crosshead  speed,  R, 

J  -  V  R“u1+n  (85) 


where 

’•  w.,« 

Tables  10  through  13  illustrate  this  data  reduction  procedure 
for  a  set  of  tests  conducted  at  0°F.  In  this  Illustration  there  were  13  specimens 
tested  at  five  different  crack  sizes  and  three  crosshead  speeds.  Uith  this 
number  of  specimens  the  results  are  reasonable. 

The  individual  values  of  n  were  obtained  from  separate  regression 
analyses  of  log  f  versus  log  U,  which  usually  has  correlation  coefficients 
between  0.999  and  0.9999.  Typical  data  are  given  in  Table  10.  These  values  are 
averaged  (a  mean  of  0.787  Is  illustrated)  then  used  to  force  parallel  curves 
through  the  data  to  obtain  the  individual  \g  values.  The  quantity  Ag  is  obtained 
from  the  relation 


f  -  A  Un  (87) 

o 

Thus,  from  Equation  (83),  we  have 

A  -  K(a)R"  (8B) 

o 

The  Aq  values  given  in  Table  11  are  used  in  regression 
analyses  at  constant  crack  size  to  obtain  the  separate  values  of  m,  which  are 
also  listed  in  Table  li.  These  values  of  m  are  averaged  (a  mean  of  0.163  is 
shown),  then  used  to  give  parallel  curves  to  obtain  the  individual  values  of  K(a) . 
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TABLE  10 


DETERMINATION  OF  (n)  FROM  SPECIMENS 
TESTED  AT  0°F  AT  ATMOSPHERIC  PRESSURE 


Specimen  No. 

2a,  inch 

Rt  in. /tain 

n 

5-10 

0.2 

0.10 

0.817 

5-12 

0.4 

0.02 

0.773 

5-12 

0.4 

0.10 

0.838 

5-50 

0.4 

0.50 

0.805 

5-30 

0.8 

0.02 

0.640 

5-11 

0.8 

0.10 

0.781 

5-29 

0.8 

0.50 

0.784 

5-31 

1.2 

0.02 

0.772 

5-26 

1.2 

0.10 

0.780 

5-28 

1.2 

0.50 

0.770 

5-49 

1.6 

0.02 

0.740 

5-27 

1.6 

0.10 

0.776 

5-56 

1.6 

0.50 

0.756 

mean  -  0.787 
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TABLE  11 


DETERMINATION  OF  (m)  FROM  A  VALUES  TAKEN  ON  SPECIMENS 

o 

TESTED  AT  0eF  AT  ATMOSPHERIC  PRESSURE 


Specimen  No. 

2«f  Inch 

R,  in.  /min  Ao 

m 

5-52 

0.4 

0.02 

1108 

0.136 

5-12 

0.4 

0.10 

1436 

5-50 

0.4 

0.50 

1715 

5-30 

0.8 

0.02 

913.7 

0.157 

5-11 

0.8 

0.10 

1195 

5-29 

0.8 

0.50 

1513 

5-31 

1.2 

0.02 

872.5 

0.157 

5-26 

1.2 

0.10 

1070 

5-28 

1.2 

0.50 

1448 

5-49 

1.6 

0.02 

659.3 

0.203 

5-27 

1.6 

0.10 

940.8 

5-56 

1.6 

0.50 

1267 

mean  »  0.163 
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Then,  ail  of  the  K(a)  values  reported  in  Table  1-'  are  used  In 

a  further  regression  analysis  versus  crack  size  (2a’)  to  obtain  the 

(3  K(a)  |  value  which  equals  -590  in  this  case. 

32a’  yR,u 


gives 


Inserting  the  constants  obtained  above  into  Equation  (84) 


J  -  605t  "°<163u1 -95 


The  exponent  on  l)  is  very  close  to  the  ideal  value  of  2,  which  theoretically 
applies  to  elastic  materials. 

The  constant  rate  form  of  the  J  Integral  is 

J  -  605R°'163U1-79  (90) 


As  in  the  general  method,  J-critlcal  is  obtained  from  Uc  .  The 
J  values  of  this  test  are  given  in  Table  13,  and  yield  an  average  value  of 

3.56  _ 


Fracture  Approach 

Combining  Equations  (83)  and  (85)  and  taking  the 
values  at  the  critical  point  gives  the  following  interesting  relation  for  Jjr- 


Within  experinen*  *  error  the  quantity  inside  the 
bracket  is  a  constant  over  the  test  matrix.  6  if  is  a  constant  then 
JjC  la  also. 


The  constancy  of  f  U  /K(a)  is  illustrated  in  Table  14; 
-3  c  c 

there  the  mean  value  Is  5.96  x  10  .  Inserting  this  quantity  into  Equation  (91), 

2 

and  taking  the  previously  used  value  of  f"6D5,  gave  J  -  3.61  in.-lb/in.  -  Tills 
value  Is  almost  Identical  r.i  that  given  in  Table  13. 


-1  30- 


TABLE  12 


DETERMINATION  OF  ( 3K(a) / 82a ' ) R  y 

FROM  SPECIMENS  TESTED  AT  OeF 
AT  ATMOSPHERIC  PRESSURE 


Specimen  No. 

R,  in. /min 

2a ' ,  in . 

K(a) 

5-52 

0.02 

0.4 

2099 

5-30 

0.02 

0.8 

1729 

5-31 

0.02 

1.2 

1652 

5-49 

0.02 

1.6 

1248 

5-10 

0.10 

0.2 

2293 

5-12 

0.10 

0.4 

209i 

5-11 

0.10 

0.8 

1739 

5-26 

0.10 

1.2 

1557 

5-27 

0.10 

1.6 

1370 

5-50 

0.50 

0.4 

1920 

5-29 

0.50 

0.8 

1694 

5-28 

0.50 

1.2 

1622 

5-56 

0.50 

1.6 

1419 

overall  value 


3K(a)/32a’]R 

-657.5 

-652.0 

-393.8 

-  -590.1 
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TABLE  1 3 


DETERMINATION  OF  Jlc  CRITICAL  FROM  SPECIMENS 
TESTED  AT  0°F  AT  ATMOSPHERIC  PRESSURE 


Specimen  No. 

R,  In. /min 

2a,  Inch 

v  J  605 

uc.  Inch  lc  t 

5-52 

0.02 

0.4 

5-30 

0.02 

0.8 

0.093 

5-31 

0.02 

1.2 

0.087 

•5-49 

0.02 

1.6 

0.073 

mean  ■  3.82 

5-10 

0.10 

0.2 

- 

5-12 

0.10 

0.4 

- 

5-11 

0.10 

0.8 

0.073 

5-26 

0.10 

1.2 

0.073 

5-27 

0.10 

1.6 

0.063 

3.59 

5-50 

0,50 

0.4 

5-29 

0.50 

0.8 

0.050 

5-28 

0.50 

1.2 

0.068 

5-56 

0.50 

1.6 

0.053 

mean  -  3.23 

TABLE  H 
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SBF:  Secondary  Bond  Fail 


The  real  value  of  Equation  (91)  is  that  it  provides 
an  internal  check  on  the  critical  value  determinations. 


5.5.3  Preferred  Test  Matrix 

Analyses  of  various  test  results  using  the  power-law 
method  have  demonstrated  the  need  for: 

Test  replications  sufficient  to  eliminate  or 
minimize  the  effects  of  bad  data 
As  wide  a  range  as  possible  for  the  crack  sizes 
(an  upper  limit  of  1. 6-inches  was  previously  established) 
.  At  least  three  deformation  rates 

A  test  pattern  like  the  following  is  recommended  as  a 
minimum  effort.  A  reduced  test  matrix  with  half  this  number  of  teats  was 
followed  on  this  program. 

Crosahead  Speed 
in./min 

0.01 
0.10 
1.00 


X  Indicates  a  single  test  to  be  performed  under  the 
Indicated  conditions. 


Tests  at  Crack  Size  2a '.In. 
0.4  0.8  1.2  1.6 


X 

X 

X 


XX 

XX 

XX 


XX 

XX 

XX 


X 

X 

X 
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6.0  EVALUATIONS  UNDER  STRESS  CONDITIONS  THAT  DUPLICATE  THOSE  1  MOTOR 


The  goal  here  is  to  evaluate  the  J  integral  under  typical  motor  loading 
conditions,  then  compare  the  results  to  find  the  extent  of  the  change.  Only 
three  sets  of  tests  were  conducted.  The  first  provided  measures  of  the  J 
integral  under  superimposed  pressures.  The  second  was  a  series  of  tests  under 
combined  tension  and  shear,  while  the  third  evaluated  the  effects  of  simultaneous 
cooling  and  deformation. 

All  of  the  force-displacement  data  for  these  tests  are  reported  In 
Appendix  B.  The  tests  were  all  performed  on  bond  specimens  of  ANB- 3066/SD-851-2 / 
V-45,  propellant/liner/insulation.  Different  propellant  batches  were  used  in 
each  test  matrix  so  the  results  may  not  correlate.  Also,  variations  in  some 
experimental  procedures  did  occur  because  of  attempts  to  improve  them. 

6.1  EFFECTS  OF  SUPERIMPOSED  PRESSURES 

This  testing  involved  measurements  at  three  superimposed  pressures 
(atmospheric,  500  and  1000  psig)  at  two  te9t  temperatures,  0  and  77°F.  They 
were  the  first  tests  to  bo  conducted  in  the  MTS  hydraulic  tester,  which 
is  a  low  compliance  system  that  allowed  a  rigid  connection  to  the  load  cell. 

When  this  work  was  conducted  the  test  methods  were  still  in  development,  so 
some  variations  in  testing  sequences  occurred.  The  test  matrix  conducted 
In  this  effort  are  provided  in  Table  15,  while  the  individual  test  resul  i  s 
are  given  in  Appendix  B,  Tables  B-5-1  through  B-S-6. 

The  data  reduction  followed  the  procedures  described  in  Section  5 
for  the  power-law  relation.  The  key  parameters  derived  from  the  raw  data 
are  tabulated  in  Tables  16  through  21.  Ideally,  In  each  test  matrix  t  lie 
values  of  n  should  be  the  same  for  all  ot  the  tests,  while  the  values  of 
m  (calculated  at  each  crack  size)  should  he  thp  same  over  the  test  matrix. 

The  K(a)  values  nhould  be  Independent  of  crosshead  rate,  but  vary  with  crack 
size.  Those  generalizations  stem  to  ho  supported  in  ea<  h  <>l  the  derived  data 
tabulat  ions  (Tables  16  through  21). 


-I  1  >- 


TAB  1.1  t  A 


TESTS  CONDUCTED  UNDER  SUPERIMPOSED  PRESSURES  USING  THE 
STANDARD  SPECIMEN  WITH  ANB- 3066/SD-8 51 -2/V-4 5 


Superimposed 

Pressure, 

Temp.,  °  F _ pa  1 


Crosshead 
Speed , 

In ■ /min  2a',  in. 


_ Test  Matrices _ 

0.2  0.4  ’  0.8  1.2  1.6 


0 


0 


0.02 

0.10 

0.50 


XXX 
X  X  X  X 

X  X  X  X 


500 


0.02 

0.10 

0.50 


X 

X 

X 


X  X 

X  X 

X 


1000 


0.02 

0.10 

0.50 


X  XX 

x  X  VV 

x  XX 


0 

0.02 

X 

X 

X 

0.10 

X  XX 

X 

X 

0.50 

X 

X 

X 

500 

0.02 

X 

X 

X 

0.10 

X 

X 

X 

0.50 

X 

X 

1000 

0.02 

X 

XX 

0.10 

X 

X 

0.  50 

X 

XX 

X  Indicates  test  conducted. 
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TABLE  16 

DERIVED  VALUES  FROM  TESTS  OF  ANB-3066/SD-851-2  PROPELLANT/ LINER  BOND 
AT  ATMOSPHERIC  PRESSURE  AND  0°F 


TABLE  17 

DERIVED  VALUES  FROM  TESTS  OF  ANB-3066/SD-851-2  PROPELLANT/ LINER  BOND 
UNDER  A  SUPERIMPOSED  PRESSURE  OF  500  PSIG  AT  0*F 


TABLE  18 

DERIVED  VALUES  FROM  TESTS  OF  AMB-3066/SD-851-2  PROPELLANT/ LINER  BOND 
UNDER  A  SUPERIMPOSED  PRESSURE  OP  1000  PSIG  AT  O'P 


TABLE  20 

DERIVED  VALUES  FROM  TESTS  OF  ANB-3066/SD-851-2  PROPELLANT/ LINER  BOND 
UNDER  A  SUPERIMPOSED  PRESSURE  OF  500  PSIG  AT  ?7°F 


DERIVED  VALUES  FROM  TESTS  OF  ANB- J066/SD-851-2  PROPELLANT/LINER  BOND 
UNDER  A  SUPERIMPOSED  PRESSURE  OF  1000  PS1G  AT  77°F 


I  nr  convenience ,  t  In*  fln.tl  parameters  are  snmma r  1  zed  in 

Table  22,  along  with  the  critical  values  of  the  J  integral,  J  The  kev 

lc 

feature  of  these  data  is  that  the  quantity  1+m+n  is  nearly  equal  to  2  and 

varies  little  with  the  test  conditions.  The  variations  in  ¥  (hence  of  . 

{  5K(a) 


stem  directly  from  those  in 


'  32a 


?1) 

'  /R,U 


lc 


a9  given  in  Equation  (86). 


-2  f  3K(a)  \ 

1+m+n  U2a-  J  R>u 


(86) 


The  parameter  K(a)  depends  somewhat  upon  specimen  stiffness,  so 
we  should  expect  it  to  be  significantly  affected  by  temperature  and  super¬ 
imposed  pressure  as  well  as  crack  size.  Thus,  temperature  and  pressute 
dependencies  are  to  be  expected  for  the  J  integral.  The  results  in  Table  22 
exhibit  a  small  pressure  dependence  at  77  °F  and  a  large  effect  at  0°F. 

At  atmospheric  pressure,  the  value  at  0°F  is  more  than  twice  that  at  77“f. 

The  statistical  variations  of  the  data  in  Table  22  stem  from 
variabilities  of  specimen  dimensions  and  liner  thicknesses  (typically,  0.02 
to  0.06  in.  within  a  alngle  specimen)  plus  errors  in  defining  fracture  ini¬ 
tiations.  Some  of  these  effects  were  corrected  by  improved  techniques,  others 
can  only  be  handled  by  replicate  testing  of  a  larger  number  of  test  specimens. 


6.2  TESTS  UNDER  COMBINED  TENSION  AND  SHEAR 


In  case-bonded  grains  near  grain  ends  or  boot  release  points, 
there  are  several  loading  conditions  that  produce  axial  shear  stresses  com¬ 
bined  with  radial  normal  stresses.  When  the  loading  condition  is  due  to 
low  temperature  cooling  the  normal  stress  is  tensile.  This  combined  stress 
condition  can  be  approximately  duplicated  in  the  scavf-joint  specimen  upon 
pulling  it  at  an  angle  as  illustrated  in  Figure  73-  When  pulled  in  this 
fashion  the  specimen  bondline  experiences  both  shear  and  tensile  force 
components. 
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TABLE  22 

SUMMARY  OF  REDUCED  TEST  PARAMETERS 
FOR  THE  SUPERIMPOSED  PRESSURE  TESTS  OF 
anr- 106fc/SD-351-2  PROPE1 LANT/ LINER  BOND 


■  Pul  1 Ing  Fixture 


i;u r'j  7  1.  Fi*lures  lor  Teslinn  i  lie  S<-ir f -joint  S|>«-<  inen  in  Combined 

Tons  ion  and  Shear 


The  normal  component  of  the  deformation  was  measured  by  four  ex- 
tonsoraeters ,  shown  in  the  photograph  of  Figure  74.  There  was,  in  addition, 
one  extensometer  which  measured  the  shear  component  of  the  deformation 
(also  shown  in  Figure  74) .  A  sketch  of  the  shear  component  extensometer  is 
given  in  Figure  75.  Excellent  comparisons  were  obtained  between  these  measure¬ 
ments  and  the  corresponding  components  calculated  from  the  crosshead  movement. 
These  latter  measurements,  therefore,  were  used  in  all  of  the  data  analyses. 

The  normal  and  shear  components  are  rectified  upon  considering 
that  the  specimen  in  its  usual  tensile  test  mode  is  at  an  angle  of  0°.  Ro¬ 
tating  the  specimen  to  some  angle  0  like  thht  in  Figure  73  produces  at  the 

bondline  a  shear  force  component,  f ,  and  a  normal  force  component,  f  ,  defined 

by  • 

f  -  f  sin  9  (92) 

f  ■  f  cos  0  (93) 

n 

where  f  is  the  overall  pulling  force. 

Similar  shear  and  normal  components*  are  needed  for  the  crosshead 
rate  (R^  and  Rr)  ,  displacement  (Ut  and  Un) ,  and  the  intercept  constant 
[KT(a)  and  Kr  (a)].  Thus,  the  power-law  relations  (see  Equation  (85))  become 

fT  -  Kt(a)  Rrm  UTn  (94) 


f 

n 


K  (a)  R  m  U  n 
n  n  t 


(95) 


*  R 

T 

R  sin  8 

R 

R  cos  0 

n 

U 

U  sin  0 

T 

u 

U  cos  0 

n 

Kt(a)  - 

K(a)  sin  < 

K  (a)  - 

K(a)  cos  f 
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Figure  7-1.  Scarf-.Joiot  Soeo  inen  v.  I  th 

Mxtensorae Lers  Mounted  for  the 
Measurement  of  Shear  and  Norma] 
Components  of  the  Deformation 


"Over-Bite"  Clamp 


Linear  Potentiometer 
(One  Channel  txtensometer) 


Side  View 


Flgute  75.  Shear  Component  Extensoraeter 

(Used  In  measuring  shear  deformation  in 
combined  tension/shear  test  coni  iguration ) 


The  exponents  m  ami  n  arc  not  affci  tcd  l>y  the  component  rectification. 


The  J  integral  relation.  Equation  (84),  becomes  for  the  normal 
component,  Jj, 

JT  -  Y  c~mU  1+m+n  (96) 

Ini 

and  the  shear  component,  J,  . 

JTT  -  Y  t^U  1+n+n  (97) 

II  T  T 

The  total  J  Integral,  J,  Is  given  by 

J  -  Jr  +  Jlt  (98) 

Observations  of  thermal  stress  analyses  of  motors  show  that  the 
shear  component  never  exceeds  the  normal  component;  that  is,  9  <  45°.  Also, 
at  the  grain  ends  or  boot  release  points,  a  typical  value  for  the  scarf  angle, 
8,  Is  about  30®  „  The  test  plan  in  Table  23  was  devised  in  terms  of  these 
two  scarf  angles,  30  and  45*.  It  provides  for  tests  at  0  and  77  ®F,  with 
two  scarf  angles,  three  crosshead  speeds  and  three  crack  sizes. 


The  test  results  are  given  as  force  versus  displacement  data  in 
Appendix  B  in  Tables  B-6-1  through  B-6-4 .  Tables  24  through  27  contain  the 
derived  values  of  m  and  n  and  the  normal  and  shear  components  of  R,  K(a), 
(9K(a)  /32a,)t>  ..  and  U  .  Table  28  summarizes  the  key  parameters  and  gives  the 

U  C 

average  values  of  ,  J__  and  the  Total  J  . 

Ic'  lie  c 


The  J  values  at  0°F  are  2.65  and  3.90  in. -lb  for  the  30  and  45° 

scarf  angles,  respectively.  Better  agreement  between  the  two  scarf  angles 

was  obtained  at  77*F,  with  J  equal  to  1.08  and  1 . J 0  in. -lb.  The  standard 

C  .  2 

in . 

angle  scarf-joint  test  data  (see  Table  22)  gave  J^c  values  (equal  to  for  this 

case)  of  3.75  and  1.53  in ■ -lb  for  0  and  77®F  tests,  respectively,  which  are  in 

"in.2 


good  agreement  with  the  above  data. 


TABLE  23 


TESTS  UNDER  COMBINED  TENSION  AND  SHEAR  USING  THE  STANDARD 
SPECIMEN  WITH  ANB- 3066/SD-8 51- 2 /V-4 5 , 
PROPELLANT/LINER/ INSULATION 


Loading 

Temp. ,  °F  Angle 


Crosahead 

Rate, 

in. /min  2a',  in. 


_ Teat  Matrices _ 

0.2  0.4  0.8  1.2  1.6 


0 


30°  0.02 

0.10 

0.50 


X  XX 

X  XX 

X  XX 


45°  0.02 

0.10 

0.50 


X  XX 

X  X 


77 


30°  0.02 

0.10 

0.50 


X  XX 

XX  XX 

XX  XX  X 


45°  0.02 

0.10 
0.20 
0.50 


X 

X 

X 

X 


X  X 

X 

X  X 

X  X 


X  Indicates  test  conducted. 
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DERIVED  VALUES  FROM  BONDLINE  TESTS  AT  A  SCARF  ANGLE  OF 
45“F  AT  0°F.  TESTS  OF  ANB-3066/SD-831-2 
PROPELLANT/ LINER  BOND 
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6.3  SIMULTANEOUS  COOLING  AND  STRAINING  TESTS 


The  condition  of  temperature  cycling  in  a  case-bonded  propellant 
grain  involves  simultaneous  cooling  and  straining  as  an  important  loading 
mode.  The  testing  planned  here  is  an  attempt  to  duplicate  that  loading  in 
the  scarf-joint  specimen. 

The  test  plan  was  developed  after  thermal  analyses  (given  in 
Appendix  C)  of  the  scarf-joint  specimen  predicted  that  at  476F/hr  rate  of 
temperature  change  a  maximum  thermal  gradient  of  5°F  would  be  obtained.  This 
was  considered  to  be  the  maximum  tolerable  thermal  gradient  for  the  test. 

The  actual  matrices  completed  in  the  program  are  listed  in 
Table  29.  There  were  three  temperatute  ranges  (125  to  70'F,  125  to  40°F  and 
125  to  0°F) ,  three  temperature  change  rates  and  four  crack  sizes.  The  testa 
to  0°F  were  originally  planned,  while  those  to  70*F  were  not.  The  teat 
matrices  are  incomplete  due  to  a  loss  of  test  specimens  during  the  preliminary 
check-out  of  the  equipment  and  test  procedures.  The  tests  from  125  to  0°F 
were  stopped  after  a  few  testa  becauae  of  temperature  control  problem*  below 
60° F.  This  test  matrix  was  then  replaced  by  that  for  the  125  to  70"F 
test  plan. 


Another  teat  anomaly  waa  encountered  and  not  solved  until  most  of 
the  testing  was  complere.  The  tests  were  conducted  on  an  MPS  hydraulic  tester 
the  piston  of  which  produced  a  small  torsional  moment  in  the  teat  specimen. 

The  moments  would  accumulate  then  release  in  a  stick-slip  fashion  that  yielded 
a  slightly  Jagged  force-time  trace.  Occasionally,  a  large  moment  would 
accumulate  and  release  making  the  force-deformation  trace  unusable.  The  loss 
of  the  test  date  further  reduced  the  test  matrices. 

The  available  data  (tabulated  in  Appendix  B,  Tables  B— 7—1  ,  B-7-2 
and  B-7-3)  were  evaluated  as  well  as  possible  considering  their  incomplete 
nature.  lire  derived  values  are  provided  In  Tablea  30,  31  and  32  and  the 
results  summarized  ir>  Table  33.  The  test  results  must  be  considered  to  be 

erode  in  sp.ee  of  the  apparently  good  agreement  of  the  .1  values  (0.46  to 

1  c 


-I  'ifl- 


0.  59 


in. -lb 


The  test  data  were  reduced  assuming  temperature  independence*  of  the 
J  integral  and  applicability  of  the  power-law  relation.  This  is  a  reasonable 
assumption  for  the  temperature  ranges  used  because  of  the  very  low  deformation 
rates  and  the  low  temperature  dependence  of  the  ANB-3066  propellant,  which 
uaes  a  CTPB  polymeric  binder. 


( 


*  A  theoretical  method  was  developed  by  Sha^ery  to  do  this,  but  requires 
parallel  tests,  on  uncraoked  test  specimens.  This  procedure  was  not 
known  at  the  time  the  tests  were  conducted. 
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TAUl.K  29 


TEST  PLAN  FOR  SIMULTANEOUS 
COOLING  AND  STRAINING  MEASUREMENTS 
OF  ANB-3066/SD-851-2/V-45 


Cooling 


Temperature 

Duration 

Rate 

Test  Matrices 

Range 

Hr. 

°F/Hr 

0.4  0.8  1.2  1.6 

125  to  70°F 

2.66 

20.7 

XX 

8.33 

6.6 

X  XX  X 

27.5 

2.0 

XX 

125  to  40°F 

2.66 

32.0 

XXX 

8.33 

10.2 

X 

XX 

X 

X 

27.5 

3.09 

XX 

125  to  o°r 

2.66 

47.0 

XX 

8.33 

15.0 

XX 

27.5 

4.55 

X 
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TABLE  30 

DERIVED  VALUES  FROM  SIMULTANEOUS  COOLING  AND  STRAINING 
TESTS  OF  THE  ANB-3066/SD-851-2  PROPELLANT/ LINER 
BOND  (COOLING  FROM  125  TO  70°F) 


DERIVED  VALUES  FROM  CYLINDRICAL  PEEL  TESTS  OF 
NB-3600/SD-851-2  PROPELLANT/ LINER  LOfT  AT  0°F 


,..iu  ■ 
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00 

CM 
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I  LJNTECRAI.  EVALUATIONS  BY  OTIIER  TEST  METHODS 


One  of  the  objectives  of  this  program  was  to  demonstrate  that  the  J  in¬ 
tegral  at  the  propellant-liner  bond  can  be  measured  using  other  test  methods. 
For  this  demonstration  it  was  necessary  to  measure  only  the  opening  mode  J 
integral,  Jj.  These  measurements  were  made  on  the  strip  biaxial  tensile  and 
cylindrical  peel  tests. 

All  of  the  tests  were  performed  on  specimens  consisting  of 
ANB-3066/SD-851-2/V-45  propellant/liner/insulation  bonds. 

7.1  STRIP  BIAXIAL  TENSILE  TESTS 


This  testing  involved  specimens  that  were  similar  in  general  design 
to  the  scarf-joint  specimen  (Figure  69),  except  that  the  dimensions  are  7-in. 
long  by  1-in.  high  by  1/4-in.  thick.  The  ends  had  a  circular  end  relief  of 
1.625-in.  radius  that  extended  0.2-in.  into  the  specimen. 

The  test  matrices  for  the  strip-biaxial  tensile  tests  are  given 
in  Table  34.  They  include  testing  at  0  and  77 °F  with  limited  testing  at  three 
crosshead  rates  and  four  initial  flaw  sires.  The  raw  data  from  each  test  are 
provided  in  Appendix  B,  Tables  B-4-1  arid  B-4-2. 

The  power-law  data  analysis  was  found  to  be  adequate  for  these 
tests.  The  derived  values  in  the  analysis  are  listed  in  Tables  35  and  36,  and 
the  final  results  summarized  in  Table  37. 


The  77°F  te9t  data  were  found  to  fit  the  relation 


J 


1031  t'0-117  U2-11 


(99) 


This  should  be  compared  with  the  scarf-joint  results  which  obeyed  the 
following  equation 


J  =  199.5  t'0-137  I.:2-068 


(100) 
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TABLE  14 


TESTS  CONDUCTED  ON  STRIP  BIAXIAL 
TENSILE  SPECIMENS  WITH  ANB-3066/ 
SD-851-2/V-45 


Temperature 

“F 

Crosshead 

Speed , 
in . /min . 

Test  Matrices 
2a  ’  ,  In  .  -  O  0.8 

1^1  .Li 

77 

0.02 

XX 

0.10 

X 

X 

XX  X 

0.50 

XX 

0 

0.02 

XX 

0.10 

X 

X 

XX  X 

0.50 

XX 

X  indicates  test  conducted 
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DERIVED  VALUES  FROM  STRIP  BIAXIAL  TENSILE  TESTS  OF 
ANB-3066/SD-851-2  PROPELLANT/ LINER  BOND  AT  0°F 
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Wrong  sign,  leads  to  negative  fracture  energies 


The  primary  difference  in  the  7 7“F  data  is  in  the  constant  Y,  which 
in  the  strip  biaxial  tests  is  about  5.2  times  larger  than  that  of  the  scarf-joint 

tests.  The  deformations  at  crack  initiation,  U  ,  are  on  the  other  hand  larger 

c 

in  the  scarf-joint  test  (by  a  factor  of  about  two)  as  seen  upon  comparison  of 
Tables  19  and  35.  These  two  differences  appear  to  be  offsetting  in  the  final 
calculations  (Tables  22  and  37)  which  yield  a  value  for  JT  of  1.53 

in . 

for  the  scarf-joint  test  and  2.18  for  the  strip  biaxial  test  .  Thl9 

In. 

difference  is  attributed  to  batch-to-batch  effects  of  the  propellant  and  liner 
and  to  differences  in  the  test  specimens. 

There  is  an  inexplicably  large  propellant  stiffness  in  the  strip- 
biaxial  specimen  as  compared  with  the  scarf-joint  specimen.  This  is  Illustrated 
below  for  the  force  per  unit  width  on  specimens  deformed  to  0.05  in.  at 


0.10  in. /min 

crosshead  rate.  The  Initial 

flaw  sizes  are 

also  roughly 

adjusted 

upon  division  by  specimen 

length,  L. 

Scarf-Joint 

Strl( 

)  Biaxial 

Crack  Size 

Initial  Flaw 

2a  ' ,  in . 

2a' /L 

f , lb/ in . 

Size,  2a’,  in. 

2a  '/L 

f  ,lb/in. 

0.04 

0.10 

48.2 

0.8 

0.114 

207 

0.04 

0.10 

58.6 

0.8 

0.20 

49.0 

1.2 

0.17 

192 

1.2 

0.17 

197 

Clearly,  the  strip  biaxial  specimens  exhibit  about  four  times  the  stiffness  of 
the  scarf-joint  specimens. 

The  testing  at  0"F  was  disappointing.  Again,  the  deformations  were 
relatively  small  (less  than  one-half  those  of  the  scarf-joint  test).  But, 
the  specimen  stiffnesses  were  even  greacer,  as  Illustrated  by  comparisons 
of  the  K(a)  values  in  Tables  16  and  36.  An  impact  of  these  large  stiffnesses 
was  to  reverse  the  sign  on  the  slope  of  the  K(a)  versus  2a'  plots.  This  1-jads 
t  n  f  meter-  .v-rface  energies,  which  has  no  physical  meaning.  Attempts 


-!6B- 


to  use  the  general  method  of  analysis  led  to  similar  negative  result. 


It  Is  not  known  If  this  behavior  is  typical  of  other  strip  biaxial 
specimen  designs  and  testing  procedures.  However,  the  one  good  result  at 
770F  suggests  that  the  strip  biaxial  test  can  provide  similar  values. 

Some  further  testing  design  would  be  required,  before  the  test  could  be 
used  routinely. 

7.2  CYLINDRICAL  PEEL  TESTS 


This  test  was  conceived  and  developed  at  Thiokol  (see  Ref.  19). 

The  testing  and  the  specimens  designs  used  on  this  current  effort  followed 
those  given  in  Ref.  19  except  for  the  specific  requirements  of  the  J  integral. 

The  matrices  for  these  tests  are  given  in  Table  38,  which  re¬ 
quired  21  cylindrical  peel  test  specimens.  This  plan  involved  teats  at 
two  temperatures  (0  and  77°F) ,  four  pressurization  rates  and  three  .rack  sizes. 

The  test  specimens  were  prepared  in  the  configuration  given  in 
Figure  76,  which  illustrates  the  adhesive  bond  design.  The  original  specimen 
design  had  an  outside  diameter  of  1.00  in.  to  permit  the  use  of  three  different 
initial  flaw  sizes  and  to  reduce  the  relative  size  of  the  largest  flaw.  This 
testing  was  performed  early  in  the  program  before  it  was  learned  that  there 
was  a  maximum  acceptable  size  for  the  initial  flaws.  If  this  had  been  known 
earlier  the  specimen  outside  diameter  would  have  been  increased  to  2.0  in. 
with  the  initial  flaw  sizes  remaining  the  sume  (0.55,  0.7  and  0.8  in.  diu.neter) . 
The  minimum  flaw  size,  0.55  in.  diameter,  was  set  by  the  center  drill  hole 
(0.375  in.)  plus  a  cut  depth  sufficient  to  give  reproducible  effects. 

The  test  data  were  recorded  on  a  two-pen  strip-chart  recorder. 

The  driving  force  to  open  the  crack  was  the  Internally  applied  pressure  P 
which  was  recorded  as  a  function  of  time.  The  axial  deformation,  U,  was 
measured  using  an  ext ensometer  that  was  gravity  loaded  against  the  top  of 


TABLE  38 


CYLINDRICAL  PEEL  TESTS  OF  SPECIMENS  WITH  ANB- 3066/SD-8 51  -2 /V-4 5 
PROPEL1.ANT/LI NER/INSULAT1 ON 


Temp.,  °F 

0 


Pressurization  Planned  Tests 

Rate  2a', in.  -  0.55  0.70  0.80 


77 


xx 


x  Indicates  teat  to  be  conducted. 
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Figure  76.  Cylindrical  Peel  Specimen 


the  specimen.  The  Internal  pressure  and  deformation  data  for  this  testing 
are  tabulated  in  Appendix  B,  Tables  B-3-1  and  B-3-2 . 

The  data  reduction  procedure  assumed  a  power-law  approach  like 
that  used  for  the  scarf-joint  specimen.  Equations  (83)  through  (88).  There 
is  a  difference,  however,  in  that  the  cylindrical  peel  test  results  require 
an  Inversion  of  the  independent  and  dependent  variables  (force  and  displacement) 
This  inversion  leads  to  the  following  power-law  relation  for  the  axial 
deformation,  U. 


U  -  k(a)  ftV  Pv  (101) 

f 

where 

P  is  the  internal  pressure,  psig 

ft  is  the  rate  of  pressurization  (a  constant  for  any  given 
test) ,  psig /min. 

k(a)  is  a  parameter  that  is  constant  for  any  given  test  and 
,  varies  only  with  crack  size. 

y  and  v  are  empirical  constants. 

The  basic  J  integral  analysis  for  this  test,  however,  is  based 
upon  the  volume  change  associated  with  the  opening  of  the  crack.  However, 
this  parameter  was  not  measured  in  these  tests  for  three  reasons. 

First,  the  axial  opening  of  the  initial  flaw  was  very  small  (less  than  0.007  in. 
at  crack  initiation).  Second,  hydrostatic  pressurization  of  the  internal 
cavity  vould  produce  a  marked  volume  change  in  addition  to  that  for  the 
opening  of  the  crack.  Third,  volume  change  measurements  at  these  levels 
would  require  highly  accurate,  carefully  designed  equipment,  which  was  not 
available.  For  these  reasons,  we  chose  the  axial  extension  measurement  method. 

The  data  reduction  method  selected  was  to  relate  the  volume  change 
to  the  axial  extension  then  treat  the  data  as  if  they  were  dilatometric .  For 
this  purpose,  the  initial  flaw  is  assumed  to  be  penny-shaped  and  does  not 
propagate.  The  tip  of  the  crack  is  assumed  to  deform  extensively,  so  that 
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where  B  is  the  circumferential  length  of  the  intial  crack  tip,  in. 


The  data  analysis  led  to  the  derived  values  listed  in  Tables  39 

and  40,  with  the  final  results  summarized  in  Table  41.  The  JIc  values, 

0.30  — n~~  at  77°F  and  0.57  —  '■  ^  at  0°F,  may  be  compared  with  those 
in  in. 

for  the  scarf-joint  test  in  Table  22  (1.53  and  3.75  —  ~D  ,  respectively). 

in. 

The  Jjc  values  for  the  cylindrical  peel  test  are  between  15  and 
20%  of  those  for  the  scarf-joint  test.  Die  consistency  between  the  two 
tests  suggests  that  the  cylindrical  peel  test  can  be  developed  to  give  a  good 
measure  of  the  J  integral ,  but  the  present  design  and  test  procedures  need 
Improvement . 
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TABLE  39 

DERIVED  VALUES  FROM  CYLINDRICAL  PEEL  TESTS  OF 
ANB-3066/SD-851-2  PROPELLANT/ LINER  BOND  AT  77°F 
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Probably  In  error 


8.0  TESTING  OF  DISSECTED  MOTOR  SPECIMENS  AND  EVALUATIONS  OF 
TEST  REPEATABILITY 


The  primary  goals  of  this  testing  were;  to  apply  the  J  integral  measure¬ 
ments  to  other  well  characterized  propellant/liner/insulation  bond  systems, 
then  to  measure  the  level  of  the  experimental  error  in  the  scarf-joint  test. 

The  first  objective  was  combined  with  a  desire  to  know  the  applicability 
of  this  test  to  specimens  dissected  from  motors.  Two  well  characterized 
bond  systems  were  chosen  for  this,  the  Polaris  A-3  Stage  2  motor  and 
the  Minuteman  III  Stage  2  motor.  The  first  motor  involves  ANP-2969  propellant, 
with  no  liner,  bonded  to  V-52  insulation  and  a  fiberglass  case.  The  Minute- 
man  motor  used  ANB-3066  propellant,  SD-*85:l-2  liner,  V-45  insulation  and  a 
titanium  metal  case. 

The  statistical  measurements  were  conducted  on  an  MX  Stage  II  candidate 
bond  system  ANB-3600  propellant,  SD-923  liner  and  WS-15353  insulation.  In 
addition  to  defining  the  level  of  the  experimental  error,  this  testing  gives 
more  assurance  of  the  applicability  of  the  J  integral  method  to  different 
propellant /bond  systems. 

The  following  subsections  describe  first  evaluations  of  the  motor 
bond  systems  then  the  determinations  of  the  level  of  experimental  error. 

8.1  EVALUATIONS  OF  MOTOR  BOND  SYSTEMS 

This  testing  involved  the  adhesive  bonds  of  specimens  which  had 
been  obtained  from  full-scale  motors  by  dissection.  Initially,  the  motor 
case  portion  of  the  specimen  was  cut  to  size,  while  the  propellant,  liner 
and  insulation  were  left  oversized.  The  final  milling  of  the  propellant  and 
liner  (the  insulation  was  left  oversized  for  purposes  of  safety  in  milling) 
brought  the  specimens  to  the  desired  dimensions  and  alignment  with  the  case. 
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During  initial  trials  the  upper  end  plate-to-propellant  interface 
was  kept  flat,  ignoring  the  small  curvature  (23  and  26  inches)  of  the  two 
motors.  However,  the  testing  indicated  crack  initiation  along  the  sides 
of  the  specimen.  A  satisfactory  correction  was  to  change  the  curvature  of 
the  upper  end  plate-to-propellant  interface  to  match  that  of  the  motor  case. 
Careful  observation  of  the  crack  tip  showed  essentially  uniform  initiation  and 
propagation  for  the  corrected  specimens. 

Alignment  of  the  specimen  while  bonding  to  the  end  plates  required 
special  techniques.  The  upper  end  plate  was  easily  aligned  and  bonded  (even 
with  interface  curvature)  by  placing  them  on  a  flat  surface.  The  case-to-end 
plate  interface,  however,  required  the  use  of  the  alignment  fixture  illustrated 
in  Figure  77. 

The  initial  flaw  is  cut  in  these  specimens  using  a  special,  very 
long  cutting  blade.  Figure  78a.  The  blade  is  aligned  between  the  blocks  of 
a  cutting  guide  on  one  side  and  held  against  a  single  block  on  the  exit  side, 
Figure  78b.  The  cutting  blade  is  made  of  spring  steel  and  holds  the 
curvature  of  the  guides  across  the  specimen.  A  small  hole  is  drilled 
through  the  scarf-joint  specimen  at  the  propellant/liner  bond,  the  piano 
wire  part  of  the  cutting  blade  is  pushed  through  the  hole,  then  the  blade 
is  pulled  through  the  specimen.  In  the  case  of  a  gummy  liner  it  is  better 
to  start  with  a  small  blade,  since  the  first  cut  is  often  rough.  The  second 
blade  usually  gives  a  smooth  cut  and  minimizes  the  damage  at  the  crack  tip. 


Further  details  on  the  specimen  and  cutting  alignment  fixtures 
and  the  cutting  blade  are  provided  in  Appendix  A,  Figures  A-2,  A-3  and  A-4 . 

Tests  of  the  specimens  dissected  from  the  Polaris  A-3  Stage  2 
and  Minuteman  III  Stage  2  motors  are  given  next. 
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Music  Wire 
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B.  Bonding  and  Cutting 
Alignment  Fixture 


Figure  78.  Bonding  and  Cutting  Alignment  Fixture  and 
CuttLng  Blade  For  Motor  Specimens 


8.2  TESTS  OF  SPECIMENS  DISSECTED  FROM  POLARIS  A-3  MOTOR  S/N  2864 


These  tests  were  all  performed  on  bond  specimens  of  ANP-2969/ 
V-52/epoxy-f iberglass,  propellant/lnsulat ion/case.  The  test  plan  for  this 
work  is  given  in  Table  42,  while  the  force-displacement  data  are  tabulated 
in  Appendix  B,  Tables  B-10-1  and  B-10-2. 

The  data  reduction  followed  the  procedures  described  in  Section  5 

for  the  power-law  relation.  The  derived  values  of  m,  n,  K(a) ,  C9K(a)/32a')^  ^ 

and  U  are  tabulated  in  Tables  43  and  44.  Table  45  summarizes  the  key 
c 

parameters,  including  V  and  J^. 

The  J_  values  were  found  to  be  1.21  and  3.06  — ■ at  77  and 
Ic  .2 

in. 

0°F,  respectively.  By  comparison  the  J_  values  for  the  ANB-3066/SD-851-2 , 

propellant /liner  bond  (Table  22)  were  1.53  and  3.75  —  ■ . at  77  and  0°F, 

respectively.  *n’ 


The  primary  differences  among  the  two  bond  systems  are  the  values 
of  Y,  which  are  tabulated  below. 


Bond  System 

ANP-2969/V-52 

ANB-3066/SD-851-2 


¥ 


77  °F 

0°F 

77.7 

129 

200 

605 

Another  difference  among  the  two  bond  systems  was  the  deformation 
at  crack  initiation,  Uc,  which  was  higher  for  the  ANP-2969/V-52  bond  system; 
namely,  100%  higher  at  0°F  and  25%  higher  at  77#F. 

The  ANP-2969/V-52  bond  system  also  evinced  clear  characteristics 
of  a  slowly  increasing  crack  rate  (from  infinitesimally  low  to  a  moderate 
rate).  This  has  caused  difficulty  in  visually  defining  a  point  of  crack 
Initiation,  so  the  method  was  not  used. 


TABLE  42 


Temperature 

°F 


77 


0 


X  Indicates 


TESTS  OF  SPECIMENS  DISSECTED  FROM 
' POLARIS  A- 3  MOTOR  S/N  2864 


Crosshead  Rate, 
In .  / n>  in 


2a' 


Test  Matrices 
0.4  0.8  1.2.  1-6 


0.02 

0.10 

0.50 


XX 

x  x  XX  X 
XX 


0.02 

0.10 

0.50 


XX 

X  x  XX  X 

XX 


test  performed. 
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DERIVED  VALUES  FROM  SCAKF-.JOINT  TESTS  AT  77°F  OF  SPECIMENS 
DISSECTED  FROM  POLARIS  A- 3  MOTOR  SN  2864 
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8.3  TESTS  OF  SPECIMENS  DISSECTED  FROM  MINUTEMAN  III  MOTOR  S/N  AA20147 


These  tests  were  all  performed  on  bond  specimens  of  ANB-3066/SD-851-2/ 
V-45/Titanium  Metal,  propellant/llner /insulation  case.  The  initial  test  plan  for 
this  work  is  given  in  Table  46.  The  plan  was  completed,  but  surface  hardening 
of  the  propellant(clearly  apparent  in  Shore  A  hardness  tests)  caused  early 
crack  initiation  at  the  outside  edges  of  the  cracks.  This  was  detected  viaually 
in  some  of  the  test  specimens. 

The  effects  of  surface  hardening  of  the  propellant  are  best  illus¬ 
trated  in  terms  of  the  deformation  at  crack  initiation,  U  .  The  reduction  in 

c 

this  parameter  is  seen  in  Table  47,  which  compares  the  U  values  at  77  and  0°F 

c 

for  the  motor  specimens  with  previously  measured  scarf-joint  specimens  (Tables 
16  and  19).  Also  Included  are  data  from  repeat  tests  where  surface  hardening 
was  minimized.  At  0‘T  there  is  a  marked  difference  (by  a  ratio  of  more  than  3) 
among  the  standard  specimen  and  the  surface  hardened  motor  specimen. 

At  77*F  there  la  only  a  small  difference  among  the  Uc  values  for 
the  hardened  motor  specimen  and  the  repeat  tests.  The  latter  tests  were  care¬ 
fully  observed  to  assure  uniform  crack  initiation  and  propagation  along  the 
crack  tip.  The  clear  difference  among  the  values  for  the  standard  scarf  - 
joint  tests  and  those  for  the  repeat  motor  specimens  is  attributed  primarily 
to  bacch-to-batch  and  carton-to-motor  effects. 

For  the  dissected  motor  specimens,  the  only  complete  set  of  data 
analyses  were  those  performed  on  the  repeat  tests  at  77®F.  The  plan  for  this 
testing  is  given  in  Table  48,  while  the  force-displacement  data  arc  tabulated 
in  Appendix  B,  Table  B-8-1. 

The  data  reduction  followed  the  procedures  in  Section  5  for  the 
power-law  relation.  The  values  of  the  derived  parameters  are  tabulated  in 
Table  49,  while  Table  bC  summarizes  the  key  parameters. 
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TABLE  4  6 


Temperature 

°K 


77 


0 


X  indicates 


INITIAL  TESTS  OF  SPECIMENS  DISSECTED  FROM 
MINUTEMAN  ITI  STAGE  2  MOTOR  S/N  AA20147 


Croeahead  Rate 
In. /min _ 

0.02 

0.10 

0.50 


Test  Matrices 

2a’.  in.  -  M  M  U  ii 
XX 

X  XX  XX  X 
XX 


0.02 

0.10 


XX 

X  X  XX  X 


0.50 


test  performed. 
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TABLE  47 

COMPARISONS  OF  DEFORMATION  BEHAVIORS  OF  SPECIMENS 
PREPARED  FROM  CARTONS  AND  FROM  MOTORS  WITH  AND  WITHOUT  SURFACE  HARDENING 


TABLE  A 8 


REPEAT  TESTS 
FROM 

AT  77 °F  OF  SPECIMENS  DISSECTED 

MINUTEMAN  III  STAGE  2 

MOTOR  S/N  AA20147 

Crosshead  Rate 

In . /min 

Tests 

2a',  in.  “  0^._4  0.8  1 . 2  1 . 6 

0.02 

XX 

0.10 

X  XX  XX  X 

0.50 

XX 

X  indates  test  performed 

• 
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TABLE  49 

DERIVED  VALUES  FROM  SCARF- JOINT  TESTS  AT  77°F  OF 
SPECIMENS  DISSECTED  FROM  MINUTEMAN  III  STAGE  2 
MOTOR  SN  AA20147 


In. -lb 

Tho  value  of  L.89  2  is  in  good  agreement  with  the  standard  scarf- 

In.-lb 

joint  test  value  of  1.53  2  that  was  previously  given  in  Tabic  22.  Since 

In  • 

the  standard  scarf-joint  specimens  and  the  dissected  motor  specimens  were  pre¬ 
pared  from  separate  propellant  and  liner  batches,  a  larger  difference  among 
the  two  test  results  might  have  occurred. 

The  good  agreement  between  the  two  specimen  types  does  not  prove 
that  the  two  tests  give  the  same  results.  But,  the  two  tests  yielded  similar 
force-deformation  profiles  and  both  followed  the  power-law  relation  in  data 
analysis.  The  observed  uniform  propagation  of  the  crack  front  in  both  specimens 
further  indicates  no  special  stress  concentration  problems. 

In  summary,  the  teat  results  are  satisfactory  and  they,  most 
certainly,  indicate  that  the  testing  of  specimens  obtained  from  large  motors 
is  practical.  Tests  on  specimens  from  smaller  motors  should  be  attempted  as 
soon  as  possible. 

8.4  MEASUREMENT  OF  LEVEL  OF  EXPERIMENTAL  ERROR  IN  SCARF- JOINT  TEST 

This  objective  was  met  using  a  method  of  experimentation  which  can 

quickly  and  efficiently  evaluate  a  number  of  factors  all  at  one  time.  In  this 

method,  all  factors  are  varied  for  each  experiment  according  to  a  "Craeco- 

20 

Latin  square"  experimental  design  *  Originally,  the  plan  was  designed  to  use 
a  4  x  4  Graeco-Latin  square  which  would  permit  the  evaluation  of  four  test 
variables  (at  four  levels  each)  plus  an  estimate  of  the  experimental  error 
(inherent  variation  of  the  test).  A  program  revision  forced  a  reduction  of 
the  effort,  so  a  2  x  2  Graeco-Latin  square  was  devised. 

The  selected  2x2  Graeco-Latin  square  experimental  design  Is 

given  below 


A 

A 

A 

T7~ 

1 

B 

B  | 

_  i 

b 

B 

B 

A 

A  B 
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Ihis  square  i’ivus  i  hr  design  lor  .1  series  of  four  experiments  for  evaluate.  ■ 
up  to  three  factors  at  two  levels  each.  Each  suh-square  represents  the  pLnn 
for  one  1  Integral  determination  (10  scarf-joint  tests).  Each  of  the  three 
letter  positions  (top  left,  to  right  and  bottom  center)  within  a  sub-square 
is  allocated  to  one  of  the  factors  being  studied. 

In  this  resting  there  were  three  factors  of  primary  concern;  the 
experimental  error,  and  operator-to-operator  and  batch-to-batch  differences. 
Specimens  of  different  crack  length  and  crosshead  speed  were  evaluated  as 
part  of  the  J  determination,  so  those  factors  were  not  a  consideration.  All 
other  factors  were  held  constant. 

The  specific  Graeco-Latin  square  test  plan  Is  given  in  Table  51. 
Here,  the  operators  and  batches  for  each  test  were  specifically  assigned. 

The  test  matrices  for  the  JT  determinations  listed  In  Table  52 

Ic 

required  40  standard  specimens.  Each  operator  prepared  the  test  specimens 
that  he  was  to  test.  The  tests  were  conducted  one  set  at  a  time,  with  the 
operators  alternating  after  each  set. 

The  testing  was  performed  on  an  MX  candidate  propellant/) iner/ 
Insulation  bond  system,  ANB-3600/SD-923/WS-1 5353 .  All  of  the  testing  was 
performed  at  77 °F. 

The  data  analysis  followed  the  power-law  relation  given  In 
Section  5.5.2.  The  raw  test  data  (digitized)  are  tabulated  in  Appendix  R, 
Tables  B-ll,  B-12,  B-21  and  B-22.  The  derived  values  of  the  parameters  are 
listed  in  Tables  53-56,  while  the  final  results  of  al  1  four  data  sets  are 

given  in  Table  57.  The  JT  values  varied  from  2.37  to  4.23  — ~ — — ^  (Tsb)e  57). 

Ic  ,  i 

in , 

The  initial  data  analysis  gave  the  following  average  values  of  J 
which  is  provided  to  Illustrate  the  effects. 
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TAB1.F.  31 

TESTS  TO  MEASURE  THE  I.F.VEL  OF  THE  EXPERIMENTAL  ERROR 
(STANDARD  SPECIMEN  WITH  ANB-3600/SD-923/WS-15353) 

0  Two-by-Two  Graeco-l.atin  Test  Grid 


•  Parameters 

0^  and  0^  are  the  test  operators 
B^  and  are  the  material  hatches 

and  are  components  of  the  experimental  error 
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TABLE  52 


TEST  MATRICES  FOR  DETERMINING 
LEVEL  OF  EXPERIMENTAL  ERROR  AT  77°F 
(STANDARD  SPECIMEN  WITH  ANB-3600/SD-923/WS-15353) 


Operator 

1,  Batches 

1  and  2 

Test 

Matrix 

R, 

in . /min 

2a  ' 

,  in. 

=» 

0.8 

1.2  1.6 

0.02 

XX 

0.10 

X 

XX 

XX  X 

0.50 

XX 

Operator 

2,  Batches 

1  and  2 

Test 

Matrix 

IL- 

in.  /min 

2a'. 

in. 

-  0.4 

0.8 

1.2  1.6 

0.02 

XX 

0.10 

X 

XX 

XX  X 

0.20 

XX 

X 


Indicates  test  performed. 


TABLE  53 

DERIVED  VALUES  FROM  SCARF- JOINT  TESTS  AT  77°  OF 
ANB-3600/ SD-923,  PROPELLANT/LINER  BOND 
(OPERATOR  1,  BATCH  1) 
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5 


fO  CM  f'-. 

rsi  oo  r*»  r> 

f\j  r^  rvi 


*•  I 


cc 

00  *-t 

<M  (N 


cm 

O  CsJ 

m  tH 


8 


i 


I 

\ 
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Mean  J_  ,  in. -lb 

,  2 
in . 

No.  i 

No.  2 

Operator 

3.525 

3.055 

Batch 

3.985 

2.595 

Error 

3.30 

3.28 

Clearly,  there  are  large  between-the-mean  differences  for  the  operators  and 
for  the  batches. 

A  simple  F-ratio  for  the  between-means  source  of  variation  was 
computed  and  gave  the  following  results.  ' 


Source  of  Variation 

Mean  Square 

F- Ratio 

Operators 

0.2209 

552 

Batches 

1.9321 

4,830 

Experimental  Error 

0.0004 

The  F-ratio  for  operator  error  is  significant  at  a  confidence  level  of  95Z, 
while  for  batch-to-batch  error  the  confidence  level  was  99Z. 

The  overall  experimental  error  was  unexpectedly  small,  0.02  — 

in. 

(coefficient  of  variation  of  0.61Z).  This  helps  to  verify  that  it  is  a  well 
designed  test  method. 

While  the  batch-to-batch  error  is  a  natural  variant  of  the  material, 
the  operator  error  is  not.  Since  the  test  method  gives  only  a  small  experimental 
error,  we  must  assume  that  the  operator  error  has  to  do  with  specimen  preparation 
(each  operator  prepared  his  own  test  specimens  as  well  as  conducting  his  own 
tests).  We  placed  a  great  emphasis  upon  training  both  operators  in  the  conduct 
of  the  tests  and  apparently  did  not  pay  sufficient  attention  to  specimen 
preparation. 
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As  a  final  mal tor,  the  exponent  1+m+n  In  the  previous  propellant/ 
liner  bond  tests  ltave  fallen  near  2.0,  which  is  neat  the  ideal  linear  elastic 
value,  Equation  (62).  That  exponent  for  the  ANB-3600/SD-923/VJS  15353  bond 
system  was  found  to  fall  in  the  range  2.3  to  2.4,  which  makes  the  behavior 
rather  nonlinear.  The  test  data  were  not  otherwise  affected  by  this  nonlinearity. 
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APPENDIX  A 


PREPARATION  AND  TESTING  PROCEDURES  FOR  IRE 
SCARF- JOINT  TEST  SPECIMEN 


1 . 0  ABSTRACT 


Procedures  are  described  for  the  preparation  and  testing  of  propellant /liner 
bonds  in  the  scarf-joint  specimens.  Test  specimens  will  contain  piezoelectric 
crack  sensors  for  monitoring  tear  propagation.  Calculations  are  made  from  a 
combination  of  parameters  including  those  <>f  force,  time,  deflection,  temperature 
and  the  ultrasonic  transit  time.  At,  measurements  from  the  P7.T  crystals.  A 
CAR  data  recording  and  analysis  system  is  employed  to  monitor  these  parameters. 

2.0  EQUIPMENT  AND  MATERIALS 

The  following  equipment  and  materials  are  needed  to  prepare  and  test 
the  Scarf “Joint  Specimens  (Figure  A-l). 

a.  Measuring  rule  (0.01  in.  graduations). 

b.  Double-backed  tape  (permacel  or  equivalent). 

c.  X-acto  knife  with  2-1/2  in.  blade  No.  226. 

d.  Adhesive  (Ren  6405)  Ren  plastics. 

e.  Adhesive  (EA  901-Bl)  Hysol-Dexter  Corp. 

f.  Paint  or  acid  brush  approximately  1/2  in.  wide. 

g.  Ball-point  (fine)  or  fine  felt-tipped  pen. 

h.  Prepared  aluminum  end-platea  measuring  1  by  1  by  4  in.  (with  embedded 
PZT  crystal  transducers  suitable  for  attachment  to  tester  hardware!. 

i.  ASPC  developed  bonding  support  (Figure  A-2),  flaw  inducing 
fixture  (Figure  A-3),  and  cutting  blades  (Figure  A-4) . 

j.  Specimen  preparation  saw  or  milling  machine  capable  of  producing 
uniform  4  by  2  by  I  in.  propellant  specimens  (Figure  A-5). 

k.  Instron  tensLle  tester  with  temperature  environment  chamber. 


Multi-channel  variable  gain  and  zero  control  junction  for 
extensometer  calibration  and  balance. 

DAR  data  recording  and  analysis  system  (Figure  A-6) . 

Multi-channel  time  y  -  MV  strip  recorder  plus  5  to  minus  5  MV  full- 
scale  range. 

Piezoelectric  crystal  transducers  -  transmitters  and  receivers 
(Figure  A-l), 

High  frequency  signal  conditioning  system  (pulse  genrator)  for  PZT 
crystals  (Figure  A-6). 

Oscilloscope  Tektronik  Mod  77048  or  equivalent. 

Multimeter  (VOM)  Kiethley  Mod  178  or  equivalent. 

Stop-watch  accurate  to  within  0,01  sec. 

Video  recording  system  with  closed  circuit  T.V. 

Preston  Mod  DK  variable  gain  amplifiers  or  equivalent  -  1  ea.  per 
channel  of  recording. 

Copper  -  Constantan  temperature  reference  junction. 

Copper  -  Constantan  thermocouple. 

Shear  coranonent  extensometer  with  attachment  hardware  (Figure  A-7). 

Axial  displacement  fixture  with  four  extensometers  and  attachment 
hardware  (Figure  A-8) . 

Digital  clock  and  frequency  counter. 

ASPC  developed  programmable  temperature  rate  controller  (P.T.R.C.) 
(Figure  A-9 ) . 
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3.0  PROCEDURES 

3.1  SPECIMEN  PREPARATION 

Machine  saw  scarf-joint  specimens  from  liner  box  measuring  A  by  2 
by  1  in.  All  sides  must  be  paralleL  and  90  degrees  from  the  adjacent  side 
(Figure  A-5). 

a.  Brush  loose  particles  from  all  specimen  surfaces. 

b.  Place  strips  of  double-backed  tape  on  a  flat  surface.  Press 
the  surfaces  to  be  bonded  to  the  exposed  adhesive  face  to 
remove  the  remaining  loose  material.  Repeat  until  no  new 
material  transfer  is  detected. 

c.  Mix  EA  901-B1  per  manufacturer's  instructions. 

d.  Apply  a  thin  layer  of  EA  90 1— B 1  adhesive  to  the  sand-blasted 
and  degreased  (with  embedded  PZT  crystal)  aluminum  end 
plate. 

e.  Apply  layer  of  EA  9Q1-B1  to  insulator  of  specimen. 

f.  Place  end-plate  and  specimen  on  a  flat  nonstick  (waxed  paper 
paper)  surface  in  preparation  for  bqnding. 

g.  With  the  adhesive-painted  surfaces  opposite  one  another  push 
the  end-plate  to  the  insulator  of  the  specimen  with  suffi¬ 
cient  force  to  produce  an  epoxy  bead  at  the  Interface  edge. 

h.  Cure  the  bond  for  24  hours  at  77°F. 

1.  Mix  Ren-6405  adhesive  per  manufacturer's  instructions  and 
allow  10  to  15  min.  before  application. 

j.  Bolt  sand-blasted  and  degreased,  aluminum  end-plate  (with 
embedded  PZT  crystal  transducer)  to  bonding  support  fixture 
(Figure  A-2). 
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k.  Apply  Ren-6405  adhesive  to  end-plate  and  propellant  surfaces. 

l.  Push  bonding  surfaces  together  and  bolt  EA  901-B1  bonded 
end-plate  to  bonding  fixture  to  ensure  proper  contact  and 
alignment  (Figure  A-2). 

m.  Cure  the  bond  for  24  hours  at  77*F. 

n.  Remove  bonded  specimen  from  fixture. 

o.  Mark  the  flaw  locatlois  at  the  propellant-liner  interface  on 
the  specimen  and  then  cardfully  drill  a  0.2  in.  hole  at  the 
mid-point  of  the  proposed  flaw. 

p.  Reinstall  specimen  In  the  bonding  support  flaw  inducing  fixture 
(Figure  A-2)  and  align  the  flaw  inducing  guide  slots  at  the 
propellant  liner  interface  (Figure  A-3). 

Feed  the  flaw- inducer  blade  guide  tab  (Figure  A-4)  through  the 
guide  slot  at  one  side  of  the  fixture,  through  the  pre-drilled 
hole  in  the  specimen  and  through  the  guide  slot  on  the  opposite 
side  of  the  fixture.  Using  a  firm,  continuous  motion,  pull  the 
guide  tab  and  attached  blade  through  the  fixture  and  specimen. 

r.  Remove  the  specimen  from  the  fixture. 

s.  Map  and  cut  the  stress  relief  configuration  in  the  propellant 
(Figure  A-10). 

t.  Measure  and  record  all  specimen  dimensions. 

u.  Attach  extensometer  hardware  to  the  specimen  end  plates. 


3.2  TEMPERATURE  CONDITIONING 

Prior  to  testing,  condition  specimen  at  the  prescribed  test 
temperature  as  follows: 
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Test  Temperature,  °F 


Conditioning  Time,  hours 
Minimum  Maximum 


A  . 

Minus  75  to  plus  60 

1 

b. 

Plus  60  to  plus  80 

1 

c. 

Plus  80  to  plus  110 

1 

Ik 
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3.3  TESTING  PROCEDURE 


a.  Secure  pre-drlHed  1000  lb  capacity  load  cell  In  place. 
Particular  care  ghould  be  taken  to  ensure  that  the  cell  Is 
level  and  aligned  with  the  cross-head  shaft  (Figure  A-ll). 

b.  Calibrate  tensile  tester  according  to  Section  5.30  of  the 
"Operating  Instructions  for  the  Instron  Tensile  Testing 
Instruments",  Manual  10-29-1. 

c.  Calibrate  the  load  voltage  Input  to  the  DAR  system  using  an 
VOM  hook-up  with  a  variable  output  rheostat  control. 

Calibrate  5  volts  full  scale  regardless  of  load  cell  or 
amplifier  output. 

d.  Balance  individual  specimen  tare  weight  before  each  test. 

e.  Secure  specimen  with  Jam  nut  to  lower  cross-head  shaft.  Remove 
alack  with  manual  cross-head  adjustment  control  while  taking 
care  not  to  preload  specimen  (watch  VOM  for  zero,  not  the 
chart  pen).  Lock  Jam  nut  at  the  upper  load  cell  shaft  and 
recheck  the  zero  manipulating  the  cross-head  adjustment  control 
as  necessary. 

f.  Connect  PZT  and  extensometer  cables  to  DAR  monitoring  system. 

g.  Calibrate  excenaometers  output  to  5  volt  DAR  system 
using  VOM  hook-up  with  variable  gain  controls: 
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1.  Set  zeros  for  each  extensometer  in  turn. 

2.  Insert  spacing  block  of  known  thickness,  i.e.,  0. 075  in. 
represents  half-scale  of  0.15  in.  total  displacement. 

3.  Adjust  variable  gain  controls  to  represent  the  percent¬ 
age  of  mechanical  displacement  in  volts,  i.e.,  using 
half-scale  displacement  adjust  the  VOM  readout  to  50%  of 
5  volts  full-scale  -  2.5  volts. 

h.  Switch  trigger  mode  at  pulse?  generator  to  "internal".  Adjust 
comparator  controls  and  amplifier  settings  to  correct  value 
for  the  test,  i.e.,  using  the  oscilloscope,  set  the  trigger 
level  at  the  comparator  controls  to  a  level  above  the  random 
noise  of  the  setup  and  adjust  the  amplitude  of  the  receiver 
PZT  crystals  to  matching  levels  (Figure  A- 12). 

i.  Switch  the  trigger  mode  at  the  pulse  generator  back  to  the 
"external"  position. 

j.  Address  DAR  and  call  for  operator  options. 

k.  Set  test  duration  and  time  Interval. 

l.  Calibrate  analog  channels. 

m.  Recheck  settings  and  record  test  temperature  for  each 
specimen. 

n.  Set-up  video  recording  equipment  and  position  T.V.  camera  in 

such  a  manner  that  the  specimens  and  the  digital  counter  can 

both  be  seen  on  the  monitor. 

o.  Record  the  test  conditions  and  the  video  recorder  counter 
number  on  the  specimen  information  sheet. 
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Start  the  teat  In  the  following  aequence  as  rapidly  as 
possible : 

1.  Video  Recorder  On 

2.  DAR  On 

3.  Tensile  Tester  and  Recorder  Chart  On 

Observe  test  and  record  all  relevant  events  on  the  strip  chart. 

1.  Location  of  fracture  initiation 

2.  Location  of  fracture  propagation 

3.  Flaws  at  tip  of  original  crack 

4.  Rotation  or  distortion  of  specimen  prior  to  fracture 
Initiation 

5.  Separation  at  bondline  along  edge  of  specimen 

6.  Description  of  failure  sequence 

When  teat  Is  complete,  reverse  order  to  "p"  above. 

Address  DAR  to  print-out  data. 
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Figure  A-3.  Bonding  Support,  Alignment  and 
Cutting  for  Motor  Specimens 
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Figure  A-6 .  D«A.R.  Data  Recording  and  Analysis  System 
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Top  View 


"Over-Bite”  Clamp 


Linear  Potentiometer 
(One  Channel  Extensooeter) 


Side  View 


Figure  A-7.  Shear  Component  Extensometer 


(Used  in  measuring  shear  deformation  in  combined 
tens  ton/shear  test  configuration) 


Extensometer 


Ax in  I  Displacement  Yonitorinp,  Fixture  for 
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TABULATIONS  OF  LABORATORY  TEST  DATA 


The  following  tabulations  provide  raw  data  taken  on  Individual 
specimens  In  the  various  tests  performed  on  this  program.  Only  those 
test  matrices  that  were  appropriate  for  data  analysis  are  provided;  thus, 
some  table  numbers  are  skipped.  Tables  B-ll,  B-12,  B-21  and  B-22  are 
numbered  appropriate  to  the  parameters  in  the  Graeco-Latin  square  test 
plan. 


The  data  are  taken  at  discreet  Intervals  and  in  sufficient  numbers 
to  define  the  force-displacement  curves.  The  data  tabulations  go  several 
steps  beyond  the  crack  initiation  point  to  illustrate  the  nature  of  th' 
curve  In  this  region. 

The  following  notations  are  used. 

2a*  -  length  of  the  crack,  In. 

f  •  force  on  the  specimen  per  lineal  inch  of  the  crack  lip,  lb/ in. 

R  •  crosshead  rate  of  motion,  in. /min 

SBF  *  secondary  bond  failure 

U  *  deformation  of  the  specimen  test,  in. 


TABLE  B-3-1 


CYLINDRICAL  PEEL  TESTS  OF  ANB-3066/SD-851-2 
PROPELLANT/LINER  BOND  AT  77 °F 


Spec .  No . : 

3-12 

3-11 

3-10 

3-27 

3-9 

2a',  in. 

0.55 

0.55 

0.55 

0.  55 

0.55 

p.  pslg/min. 

3.73 

11.62 

183 

265 

766 

Pi£li£ 

UX103,  in. 

UX103,  in. 

UJUO3,  in. 

UX103,  in. 

UX103, 

5 

0.1 

0.3 

0.2 

0. 1 

0.17 

10 

0.3 

0.5 

0.4 

1.5 

0.35 

15 

0.55 

0.75 

0.65 

0.25 

0.52 

20 

0.9 

1.0 

0.85 

0.35 

0.58 

25 

1.25 

1.2 

1.0 

0.65 

0.87 

30 

1.6 

1.25 

0.8 

0.8 

1.05 

35 

2.0 

1.8 

1.55 

1.0 

1.22 

40 

2.4 

2.15 

1.95 

1.1 

1.4 

45 

2.65 

2.45 

2.2 

1.35 

1.57 

50 

3.2 

3.0 

2.65 

1.6 

2.0 

55 

3.6 

2 . 5 

2.95 

1.85 

2.2 

60 

4.05 

4.1 

3.3 

2.0 

2.6 

65 

4.6 

5.2 

3.75 

2.2 

2.9 

70 

5.3 

6.9 

4.1 

2.35 

3.25 

75 

6.7 

9.0 

4.7 

2.75 

3.65 

80 

6.7 

9.0 

5.2 

3.0 

4.0 

85 

5.7 

3.3 

4.5 

90 

6.2 

3.65 

5.0 

95 

6.9 

4.0 

5.5 

100 

7.6 

4.3 

6.  1 

105 

8.35 

4.75 

6.7 

110 

9.2 

5.3 

7.55 

115 

6.0 

8.3 

120 

9.4 

In. 


15-2 


TABLE  B-3-1  (Continued) 


CYLINDRICAL  PEEL  TESTS  OF  ANB-3066/SD-851-2 
PROPELLANT/LINER  BOND  AT  77®F 


Spec .  No . : 

2a',  in. 

3-5 

3-3 

3-2 

0.70 

0.70 

0.70 

p,  psig/mtn. 

3.98 

170 

800 

P.  Pslg 

UX103.  in. 

UX103.  in. 

uxio3. 

5 

0.35 

0.7 

0.1 

10 

1.0 

1.0 

0.1 

15 

1.5 

1.25 

0.3 

20 

2.15 

1.6 

0.6 

25 

2.7 

2.0 

1.2 

30 

3.3 

2.3 

1.5 

35 

4.0 

2.7 

1.9 

40 

4.8 

3.25 

2.3 

45 

5.6 

3.75 

2.8 

50 

6.75 

4.35 

3.3 

55 

5.0 

4.0 

60 

5.8 

4.75 

65 

6.7 

5.7 

70 

7.65 

6.5 

75 

8.8 

7.6 

80 

10.5 

8.9 

B-3 


Spec.  No.:  3-21 
2a',  in.  0.80 
p,  psig/min.  3.56 


3-20 

0.80 

11.24 


5 

0.1 

0.9 

10 

0.5 

1.35 

15 

1.0 

2.0 

20 

1.6 

2.5 

25 

2.25 

3.35 

30 

2.9 

4.05 

35 

3.9 

5.0 

40 

4.9 

6.0 

45 

6.0 

7.5 

50 

7.0 

9.3 

55 

12.3 

60 

19.0 

65 

70 

75 

80 

B  —  3— 1  (Continued) 


TS  OF  ANB-3066/SD-851-2 
BOND  AT  77 °  F 


3-19 

3-18 

0.80 

0.80 

356 

686 

UX103,  in.  UX103,  in. 


0.3 

0.1 

0.6 

0.2 

0.9 

0.35 

1.2 

0.65 

1.55 

1.0 

2.0 

1.3 

2.4 

1.7 

3.0 

2.0 

3.6 

2.4 

4.1 

2.9 

4.8 

3.35 

5.6 

3.95 

6.7 

4.5 

7.8 

5.2 

9.8 

5.9 

6.75 

n-4 


TABLE  B- 3-2 


CYLINDRICAL  PEEL  TESTS  OF  ANB-3066/SD-851-2 
PROPELLANT/LINER  BOND  AT  0*F 


Spec.  No. : 

3-16 

3-13 

3-17 

3-7 

3-6 

2a ' ,  in . 

0.55 

0.55 

0.70 

0.70 

0.70 

p,  psig/oin. 

3.44 

570 

3.74 

218 

632 

P.  psig 

UX103.  in. 

UX103,  in. 

UX103.  in. 

UX103.  in. 

UX103.  in 

7.5 

0.1 

0.1 

0.1 

0.1 

0.1 

15.0 

0.1 

0.2 

0.3 

0.2 

0.25 

22.5 

0.2 

0.3 

0.7 

0.4 

0.35 

30.0 

0.3 

0.4 

1.0 

0.7 

0.6 

37.5 

0.8 

0.6 

1.4 

0.9 

0.8 

45.0 

1.0 

0.8 

1.9 

1.2 

1.05 

52.5 

1.4 

1.0 

2.5 

1.4 

1.35 

60.0 

1.8 

1.3 

3.1 

1.8 

1.75 

67.5 

2.1 

1.5 

3.9 

2.3 

2.2 

75.0 

2.6 

1.9 

4.8 

2.7 

2.55 

82.5 

3.1 

2.3 

5.9 

3.2 

3.0 

90.0 

3.6 

2.6 

7.4 

3.7 

3.6 

97.5 

4.1 

3.0 

4.3 

4.2 

105.0 

4.7 

3.3 

5.3 

4.9 

112.5 

5.4 

3.8 

6.1 

5.6 

120.0 

6.0 

4.4 

7.3 

6.4 

127.5 

6.7 

5.0 

135.0 

7.7 

5.5 

142.5 

8.7 

6.39 

150.0 

10.2 

7.2 

B-5 


TABLE  B-3-2  (Continued) 


CYLINDRICAL  PEEL  TESTS  OF  ANB-3066/SD-851-2 
PROPELLANT/ LI  NEK  liOND  AT  0°F 


Spec .  No . : 

3-25 

3-24 

3-23 

3-22 

2a ' ,  in . 

0.80 

0.80 

0.80 

0.80 

p,  psig/min. 

3.55 

11.24 

2  54 

492 

P.  PSig 

UX103.  in. 

UX103,  in. 

UX103,  in. 

UX103,  in 

7.5 

0.2 

0.1 

0.7 

0.1 

15.0 

0.35 

0.2 

1.0 

0.25 

22.5 

0.6 

0.3 

1.3 

0.4 

30.0 

1.3 

0.6 

1.6 

0.7 

37.5 

2.0 

1.0 

2.1 

0.9 

45.0 

2.8 

1.5 

2.8 

1.1 

52.5 

3.9 

2.3 

3.7 

1.5 

80.0 

5.2 

2.9 

4.9 

1.8 

67.5 

6.7 

3.5 

6.2 

2.2 

75.0 

9.0 

4.3 

7.85 

2.6 

82.5 

12.7 

5.9 

10.2 

3.0 

90.0 

41.2 

17.2 

13.25 

3.5 

97.5 

18.2 

4.0 

105.0 

28.0 

4.6 

112.5 

5.1 

120.0 

5.8 

127.5 

6.6 

135.0 

7.5 

142.5 

8.7 

150.0 

11.9 

B-6 


TABLE  B-4-1 


STRIT  BIAXIAL  TENSILE  TESTS  OF  ANB-3066/SD-851  2 
PROPELLANT/LINER  BOND  AT  77°F 


Spec .  No  . : 

4-1 

4-2 

4-3 

4-4 

4-5 

2a ' ,  in . 

0.4 

0.4 

0.4 

0.4 

0.4 

R,  in. /min. 

0.02 

0.02 

0.10 

0.  50 

0.50 

U,  in . 

f .lb/ in. 

f .lb/in. 

f. lb/in. 

f, lb/in. 

f .  lb/ in 

.005 

16.7 

22.2 

26.0 

26.0 

29.6 

.010 

34.2 

41.8 

49.6 

53.2 

59.2 

.015 

51.7 

61.2 

71.0 

78.0 

88.0 

.020 

68.1 

82.0 

93.2 

103.2 

116.8 

.025 

85.0 

103.0 

116.8 

129.2 

143.2 

.030 

101.7 

124.3 

140.4 

154.0 

172.4 

.035 

118.3 

145.8 

163.2 

180.4 

200.0 

.040 

134.8 

16^.2 

185.6 

205.2 

226.8 

.045 

151.3 

185.8 

207 . 0 

228.8 

251.2 

.050 

166.0 

202.7 

227.6 

252.8 

273.2 

.055 

180.8 

215.0 

244.4 

274.8 

292.8 

.060 

191.5 

220.4 

257.2 

292.8 

305.6 

.065 

195.8 

264.0 

300.4 

312.0 

.070 

265.4 

312.8 

B-7 


TABLE  fi-4-l  (Continued) 


STRIP  BIAXIAL  TENSILE  TESTS  OF  ANB-3066/SD-851-2 
PROPELLANT/LINER  BOND  AT  7  7°F 


Spec .  No . : 

4-6 

4-7 

4-8 

4-9 

2a',  In. 

0.8 

1.2 

1.2 

1.6 

R,  in. /min. 

0.10 

0.10 

0.10 

0.10 

U , In .  f ,lb/ln.  f ,1b/ in.  f ,1b/ In.  f ,lb/ln. 


.005 

21.4 

18.8 

20.4 

14.8 

.010 

42.3 

38.8 

38.3 

30.4 

.015 

63.8 

57.7 

59.2 

46.0 

.020 

84.6 

76.9 

79.2 

62.0 

.025 

104.6 

96.2 

99.6 

78.4 

.030 

125.4 

115.8 

119.6 

95.6 

.035 

146.2 

135.8 

140.4 

113.2 

.040 

166.9 

155.4 

160.0 

130.0 

.045 

187.3 

174.2 

179.2 

146.8 

.050 

206.5 

191.9 

197.1 

162.4 

.055 

224.6 

208.5 

212.9 

176.8 

.060 

238.1 

221.9 

225.0 

189.2 

.065 

.070 

246.2 

230.0 

233.5 

229.65 

233.4 

195.2 

198.8 

B— H 


TABLF.  R-4-2 


STRIP  BIAXIAL  TENSILE  TESTS  OF  ANB- 
propellant/lini-.r  bond  at 

■3066/SD-851-2 

09P 

No.  : 

in. 

.  /min. 

4-10 

0.4 

0.02 

4-n 

0.4 

0.02 

4-12 

0.4 

0.10 

4-13 

0.4 

0.50 

4-14 

0.4 

0.50 

f .lb/ in 

f. lb/in. 

f .lb/in. 

f .lb/in. 

f .lb/ in 

.005 

.010 

.015 

.020 

36.0 

74.0 

112.5 

148.0 

35.0 

72.0 

111.4 

149.1 

40.7 

82.6 

123.7 

166.6 

53.0 

105.0 

159.0 

214.0 

50.0 

100.0 

148.0 

199.0 

.025 

.030 

.035 

.040 

173.0 

193.2 

210.0 

220.1 

183.7 

222.5 

256.2 

288.7 

208.5 

248.8 

283.7 

313.7 

266.0 

317.0 

366.0 

410.0 

246.1 

292.3 

340.3 
379.8 

.045 

.050 

.055 

.060 

234.6 

262.5 

298.0 

315.8 

315.0 

332.0 

338.3 

333.7 

343.3 

347.0 

449.0 

470.0 

475.0 

417.3 

447.1 

467.3 

471.1 

1  ABLE  B-4-2  (Continued) 


STRIP  BIAXIAL  TENS  ILL  TESTS  OF  ANB-3066/SD-851-2 
PROPELLANT/ LINER  BOND  AT  0°F 


Spec .  No .  : 

2a',  in. 

4-15 

4-16 

4-17 

4-18 

0.8 

1.2 

1.2 

1.6 

R,  in. /min. 

0.10 

0.10 

0.10 

0.10 

U, In.  f , lb/ In .  f , lb/ In.  f , Ib/in.  f . lb/  in 


.005 

42.3 

48.8 

45.2 

49.5 

.010 

85.5 

97.6 

92.0 

95.8 

.015 

129.6 

145.6 

138.4 

138.7 

.020 

172.3 

192.0 

174.4 

180.0 

.025 

213.0 

236.6 

214.0 

219.5 

.030 

241.5 

277.6 

251.2 

257.0 

.035 

287.5 

309.2 

287.6 

290.0 

.040 

321.9 

334.8 

318.8 

319.1 

.04  5 

346.5 

348.4 

340.4 

340.0 

.050 

361.5 

356.8 

352.0 

345.4 

.055 

370.3 

357.0 

B-  i  n 


TABLE  IS- 5-1 


TESTS  OF  ANB-3066/SD-851-2  PROPELLANT /LINER 
BOND  tJNDER  ATMOSPHERIC  PRESSURE  AT  77#F 


Spec .  No . : 

2fl ' ,  in . 

R,  in. /min. 

U,  in.  f. 

.005 

.010 

.015 

.020 

.025 

.030 

.035 

0.40 

.045 

.050 

.055 

.060 

.065 

.070 

.075 

.080 

.085 

.090 

.095 

.100 

.105 

.110 

.115 

.120 


5-9 

5-32 

0.2 

0.4 

0.10 

0.02 

, lb/in. 

f .lb/ in. 

7.6 

4.7 

12.7 

8.0 

17.7 

12.1 

22.5 

15.4 

27.1 

16.9 

31.7 

23.0 

36.5 

26.1 

41.1 

29.2 

45.4 

32.9 

50.0 

36.1 

54.8 

40.0 

59.3 

42.8 

63-2 

45.9 

67.7 

49.2 

72.1 

52.3 

76.2 

55.2 

80.5 

58.8 

84.8 

62.1 

88.4 

65.0 

92.7 

68.0 

96.3 

71.1 

100.0 

73.8 

103.8 

76.9 

107.2 

80.2 

SBF 

SBF 

5-33 

5-1 

0.4 

0.4 

0.10 

0.10 

f ,1b/ in. 

f  .lb/in. 

6.5 

8.8 

11.2 

14.7 

15.7 

20.0 

20.5 

25.7 

25.0 

30.8 

30.0 

36.6 

34.7 

42.0 

39.5 

47.6 

44.2 

53.5 

48.2 

58.6 

53.5 

64.7 

57.5 

70.3 

62.7 

75.4 

67.5 

81.3 

72.0 

86.9 

76.7 

91.8 

81.2 

97.1 

85.7 

102.3 

80.0 

105.3 

94.0 

107.0 

98.2 

102.2 

106.5 

110.2 

SBF 

B- 1  1 


TABLF.  B-5-1  (Continued) 


TESTS  OF  ANB-3066/SD-BS1-2  PROPELLANT/ LINER 


BOND 

UNDF.R  ATMOSPHERIC 

PRESSURE 

AT  7 7 °K 

No.  : 

5-25 

5-5 

5-7 

5-8 

5-3 

In . 

0.4 

0.8 

0.8 

0.8 

1.2 

. /min. 

0.50 

0.02 

0.10 

0.50 

0.02 

U,  In. 

f ,1b/ In. 

f , lb/ In. 

f .lb/in. 

f ,1b/ in. 

f ,1b/ in. 

.005 

8.5 

5.4 

7.4 

9.6 

5.5 

.010 

15.0 

9.1 

12.3 

15.5 

9.5 

.015 

21.4 

12.3 

16.8 

21.4 

13.0 

.020 

27.6 

15.8 

21.0 

27.1 

17.0 

.025 

33.8 

19.5 

25.4 

33.0 

19.7 

.030 

38.8 

23.0 

30.4 

38.4 

24.5 

.035 

45.9 

26.7 

35.1 

44.8 

27.5 

.040 

52.1 

30.4 

39.6 

50.2 

32.0 

.04  5 

58.0 

34.1 

44.5 

56.3 

35.7 

.050 

63.3 

37.1 

49.0 

61.7 

39.5 

.055 

69.7 

40.3 

53.9 

67.6 

43.2 

.060 

75.9 

44  .0 

58.6 

73.1 

47.0 

.065 

81.1 

47.7 

62.6 

78.7 

50.2 

.070 

86.6 

50.7 

67.3 

83.9 

54.0 

.075 

92.6 

54.2 

71.7 

89.1 

57.5 

.080 

97.3 

57.1 

76.2 

93.3 

60.5 

.085 

103.0 

60.3 

80.1 

98.8 

63.2 

.090 

108.0 

64.1 

84.6 

103.3 

66.7 

.095 

112.6 

67.0 

87.8 

107.3 

68.5 

.100 

117.8 

70.0 

92.0 

110.8 

71.2 

.105 

122.3 

73.2 

96.0 

114.6 

73.2 

.110 

125.4 

75.7 

99.0 

117.4 

74.7 

.115 

129.7 

78.9 

102.2 

120.5 

76.2 

.120 

132.8 

81.4 

104.9 

122.8 

77.0 

SBF 

B-  i  2 


TABLE  B-5-1  (Continued) 


TESTS  OF  ANB-3066/SD-851-2  PROPELLANT/ LINER 
BOND  UNDER  ATMOSPHERIC  PRESSURE  AT  77 °F 


No.  : 

5-4 

5-6 

5-42 

5-2 

in . 

1.2 

1.2 

1.6 

1.6 

. /min. 

0.10 

0.50 

0.02 

0.10 

U,  in . 

t ,1b/ in. 

f .lb/in. 

f. lb/in. 

£  ,1b/ in 

.005 

8.0 

9.5 

4.5 

6.3 

.010 

12.7 

15.0 

8.0 

9.8 

.015 

17.0 

19.7 

11.0 

13.9 

.020 

20.5 

24.7 

14.2 

17.6 

.025 

24.2 

29.2 

17.5 

21.3 

.030 

27.7 

34.2 

21.0 

25.2 

.035 

32.0 

38.5 

24.5 

29.4 

.040 

35.2 

43.2 

27.5 

33.3 

.04  5 

38.7 

47.7 

30.7 

37.5 

.050 

42.5 

52.2 

34.2 

41 ,4 

.055 

45.7 

57.2 

37.5 

46.0 

.060 

49.5 

61.7 

40.7 

50.2 

.  Ooi 

52.5 

65.5 

43.7 

53.9 

.070 

55.5 

69.7 

46.  ? 

57.8 

.075 

59.2 

74.7 

49.7 

61.7 

.080 

61.7 

78.0 

52.5 

64.9 

.085 

65.0 

82.5 

55.2 

68.6 

.090 

67.5 

86.2 

58.0 

71.5 

.095 

69.8 

89.2 

60.0 

73.7 

.100 

72.2 

93.2 

62.0 

76.4 

.105 

74.5 

96.5 

63.5 

.110 

76.5 

99.5 

64.5 

.115 

102.5 

K-n 


T  AB  I  F  R-5-2 


TESTS  OF  ANB- 3066/ SD-8  51-2  PROPELLANT/  LINER  BOND 
UNDER  A  SUPERIMPOSED  PRESSURE  OF  500  PSIG  AT  77°F 


Spec .  No .  : 

5-35 

5-21 

5-13 

5-24 

5.20 

2a  '  ,  in . 

0.4 

0.4 

0.4 

0.8 

0.8 

R ,  In . /min . 

0.02 

0.10 

0.50 

0.02 

0.10 

U ,  In  ■ 

f , Id/ in . 

f ,1b/ in. 

1.1b/ In. 

f ,1b/ In. 

f ,1b/ in 

.005 

5.8 

7.5 

9.3 

5.8 

6.4 

.010 

10.0 

12.  7 

14.9 

10.1 

11.1 

.015 

14.2 

18.0 

20.3 

13.6 

15.2 

.020 

17.8 

23.7 

26.4 

17.4 

19.5 

.025 

22.0 

29.5 

32.1 

20.9 

23.8 

.030 

26.4 

35.5 

37.9 

25.0 

28.0 

.035 

30. 1 

41.7 

43.8 

28.2 

32.3 

.0*0 

34.3 

47.0 

49.5 

37.3 

36.1 

.04  5 

38.7 

53.0 

55.8 

35.6 

40.4 

.050 

42.1 

58.5 

61.7 

39.3 

44.2 

.055 

46.5 

63.5 

67.6 

42.9 

49. C 

.060 

50.4 

68.0 

73.5 

47.2 

52.6 

.065 

54.1 

76.0 

78.6 

50.5 

55.9 

.070 

58.5 

82.2 

85.0 

53.7 

59.7 

.075 

62.0 

87.5 

90.9 

57.8 

63.8 

.080 

66.1 

92.0 

96.0 

61.8 

67.1 

.085 

70.3 

98.7 

101.7 

64.3 

71.1 

.090 

74.0 

104.7 

107.8 

68  1 

75.2 

.095 

77.9 

109.5 

112.5 

71.2 

78.5 

.100 

81.3 

114.7 

118.3 

75.2 

82.6 

.105 

85.5 

120.5 

124.2 

78.2 

85.9 

.  110 

88.7 

125.2 

129.4 

81.0 

89.5 

.  115 

92.8 

130.2 

134.8 

84.3 

92.8 

.120 

96.0 

135.7 

140.1 

87.8 

95.9 

.  125 

100.2 

140.0 

144.8 

90.6 

99.5 

.130 

103.6 

142.7 

150.7 

93.6 

102.6 

.135 

107.8 

150.2 

155.6 

95.9 

106.1 

.  140 

110.5 

155.0 

159.0 

96.4 

109.2 

SBF 

SBF 

SBF 

SBF 

B-l 


TABLE  B-5-2  (Continued) 


TESTS  OF  ANB-3066/SD-85I-2  PROPELLANT/ LINER  BOND 
UNDER  A  SUPERIMPOSED  PRESSURE  OF  500  PS1G  AT  77“F 


Spec  .  No .  : 

5-34 

5-23 

5-18 

5-36 

5-19 

2a',  it*. 

1.2 

1.2 

1.2 

1 .6 

1.6 

R,  in. /min. 

0.02 

0.10 

0.50 

0.10 

0.50 

U,  in. 

f  .lb/ in. 

f,  lb/in. 

f , lb/in. 

f .lb/in. 

f ,1b/ in 

.005 

5.3 

6.3 

8.4 

5.1 

8.4 

.010 

9.0 

10.7 

13.8 

8.9 

13.6 

.015 

12.2 

14.9 

18.8 

12.1 

17.3 

.020 

15.6 

19.1 

24.2 

15.3 

'*2.7 

.025 

18.8 

22.6 

29.2 

18.8 

26.9 

.030 

22.0 

26.9 

34.6 

22.0 

31.6 

.035 

25.2 

30.6 

39.6 

25.2 

35.6 

.040 

28.9 

34.3 

45.0 

28.4 

40.0 

.045 

32.1 

38.9 

50.0 

32.1 

42.3 

.050 

35.5 

42.4 

54.4 

35.1 

49.2 

.055 

39.2 

46.8 

59.9 

38.8 

53.7 

.060 

42.6 

51.4 

65.8 

42.0 

58.1 

.065 

46.0 

55.1 

69.3 

45.0 

62.1 

.070 

49.2 

59.0 

74.7 

48.5 

66.8 

.075 

52.9 

63.7 

79.2 

51.9 

70.2 

.080 

56.3 

67.1 

84.1 

54.7 

74.2 

.085 

59.5 

71.3 

89.1 

57.6 

78.7 

.090 

62.9 

75.4 

93.5 

61.3 

82.6 

.095 

66.1 

78.4 

-18.0 

64.1 

86.8 

.100 

69.6 

82.3 

101.4 

66.8 

90.3 

.105 

73.0 

85.7 

106.4 

69.5 

94.0 

.110 

75.4 

88.7 

110.3 

72.0 

97.2 

.115 

78.4 

92.4 

114.8 

74.5 

101.2 

.120 

80.8 

95.5 

118.8 

76.9 

104.4 

.125 

98.0 

110.  3 

.130 

100.9 

111.1 

.135 

103.4 

114.1 

.140 

105.3 

116.8 

!»- 

1  5 

TABU.  B-5-3 


TESTS  OF  ANB-3066/SD-851 -2  PROPELLANT/ LI NER  BOND 
UNDER  A  SUPERIMPOSED  PRESSURE  OF  1000  PSTC.  AT  7  7°E 


Spec .  No  .  : 

5-15 

5-14 

5-17 

5-109 

5-22 

2a ' ,  in . 

0.4 

0.4 

0.4 

1.2 

1.2 

R,  in, /min. 

0.02 

0. 10 

0.50 

0.C2 

0.02 

U_,  in. 

f ,lb/in. 

f , lb/in. 

f ,1b/ in. 

f /lb/ in . 

f/lb/in 

.005 

6.1 

6.6 

10.0 

6.1 

5.7 

.010 

10.3 

12.1 

16.1 

9.4 

10.0 

.015 

14.8 

17.3 

22.0 

13.5 

14.0 

.020 

21.0 

22.8 

27.6 

17.0 

18.0 

.025 

23.8 

28.0 

33.3 

21.0 

22.0 

.030 

28.7 

33.3 

39.2 

24.8 

25.7 

.035 

33.2 

39.0 

44.4 

28.0 

30.2 

.040 

37.9 

44.5 

49.7 

32.3 

34.2 

.045 

42.6 

49.7 

55.2 

36  2 

38.2 

.050 

47.0 

55.2 

59.8 

40.3 

42.5 

.055 

51.7 

60.9 

65.4 

44  .  3 

46.7 

.060 

56.4 

66.4 

70.7 

47.9 

50.7 

.065 

61.1 

70.9 

75.2 

51.0 

54.2 

.070 

65.3 

76.1 

30.7 

55.1 

58.2 

.075 

69.8 

82.1 

85.7 

58.4 

62.0 

.080 

74.2 

86.4 

90.0 

61.4 

65.2 

.085 

75. 5 

91.9 

95.2 

65.0 

69.0 

.090 

83.1 

97.3 

100.4 

58.1 

72.2 

.095 

86.6 

101.6 

104.2 

71.1 

75.0 

.100 

91.2 

106.6 

109.0 

74.2 

77.7 

.105 

95.2 

111.4 

114.5 

76.5 

80.0 

.110 

98.7 

115.9 

118.8 

76.8 

82.2 

.115 

102.7 

120.7 

123.8 

80.8 

83.7 

.120 

106. A 

125.4 

128.5 

02.1 

85,0 

.125 

110.3 

129.5 

133.0 

.130 

114.2 

134.2 

138.0 

.135 

117.8 

138.5 

142.8 

.140 

120.7 

142.6 

146.9 

SBF 

SBF 

SBF 

B-i6 
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TABLE  B-5-3  (Continued) 


TESTS  OF  ANB-3066  /SD-851-2  PROPELLANT/ LINER  BOND 
UNDER  A  SUPERIMPOSED  PRESSURE  OF  1000  PSTG  AT  774F 


Spec .  No . : 

5-37 

5-16 

5-111 

5-114 

5-107 

5-112 

2« ' ,  in . 

1.2 

1.2 

1.2 

1.2 

1.6 

1.6 

R,  in. /min. 

0.10 

0.50 

0.50 

0.50 

0.10 

0.10 

U,  in. 

f .lb/in. 

f.lb/in. 

f.lb/in. 

f.lb/in. 

f ,1b/ in. 

f.lb/in 

.005 

5.4 

9.2 

6.1 

7.7 

6.0 

6.9 

.010 

9.6 

15.7 

10.5 

13.4 

10.5 

11.5 

.015 

13.1 

21.0 

14.6 

18.0 

14.7 

15.4 

.020 

17.0 

26.7 

18.4 

22.6 

18.4 

19.0 

.025 

20.5 

31.7 

22.5 

27.5 

22.3 

22.6 

.030 

24.2 

37.2 

26.2 

32.7 

25.7 

25.7 

.035 

27.8 

42.5 

30.1 

37.1 

29.4 

29.3 

.040 

31.4 

47.7 

34.1 

41.8 

33.6 

32.4 

.045 

35.3 

53.5 

38.2 

46.3 

37.3 

36.0 

.050 

38.8 

59.0 

42.3 

50.9 

40.7 

39.6 

.055 

42.8 

64.7 

46.6 

55.9 

44.7 

43.2 

.060 

46.5 

70.3 

50.7 

60.8 

48.1 

46.9 

.065 

49.7 

75.0 

53.8 

65.2 

51.3 

50.0 

.070 

53.7 

80.5 

58.4 

70.1 

55.2 

53.0 

.075 

57.6 

86.0 

61.7 

75.0 

56.5 

57.2 

.080 

61.1 

91.2 

65.5 

79.6 

61.5 

60.5 

.085 

64.8 

96.0 

69.  L 

84.2 

65.0 

64.4 

.090 

68.3 

101.2 

732 

89.4 

68.6 

67.0 

.095 

71.5 

106.6 

76.5 

93.8 

71.3 

70.6 

.100 

75.2 

110.2 

80.3 

98.4 

74.4 

73.4 

.105 

78.7 

115.0 

83.6 

103.0 

77.6 

76.8 

.110 

81.6 

119.0 

86.2 

107.2 

80.0 

79.3 

.115 

84.9 

123.7 

89.0 

111.3 

82.6 

84.2 

.120 

88.1 

127.7 

81.8 

115.9 

85.2 

84.5 

.125 

90.9 

132.0 

93.6 

119.5 

.130 

94.3 

135.7 

85.1 

122.9 

.135 

97.0 

139.7 

95.9 

127.0 

.140 

99.7 

142.5 

130.1 

.145 

102.4 

146.2 

.150 

104.7 

149.2 

B—  1  7 


TABLF.  ft-  'i-4  (Continued) 


TESTS  OF  ANB- 

3066/SD-851- 

2  PROPELLANT/ LINER 

BOND  UNDER 

ATMOSPHERIC 

PRESSURE 

AT  0°F 

Spec .  No .  : 

5-10 

5-52 

5-12 

5-50 

5-30 

5-11 

5-29 

2a',  in. 

0.2 

0.4 

0.4 

0.4 

0.8 

0.8 

0.8 

R,  In. /rain. 

0.10 

0.02 

:  .10 

0.50 

0.02 

0.  ]  0 

0.50 

U,  in. 

f , lb/ in . 

f, lb/in. 

i,lb/in. 

f ,1b/ in. 

f  .lb/in. 

f ,1b/ in. 

f , lb/ in 

.005 

22.9 

18 .5 

21.8 

25.2 

13.0 

20.2 

26.7 

.010 

40.5 

30.5 

36.8 

45.0 

22.5 

33.3 

43.0 

.015 

57.3 

41.0 

50.4 

61.8 

31.2 

45.4 

59.0 

.020 

71.1 

51.5 

64.0 

78.2 

40.0 

55.5 

74.2 

.025 

86.0 

61.5 

76.2 

94.0 

47.5 

66 . 6 

87.5 

.030 

99.7 

71.2 

88.8 

108.9 

55.5 

76.5 

102.2 

.035 

113.5 

80. 0 

101.9 

124.7 

63.0 

85.8 

115.5 

.040 

126.8 

88.5 

114.5 

137.1 

70.5 

96.4 

127.5 

.045 

139.6 

97.0 

126.2 

150.4 

78.0 

106.0 

140.0 

.050 

151.3 

105.0 

137.3 

163.8 

85.5 

115.6 

151.0 

.055 

163.9 

113.0 

149.5 

177.4 

93.5 

126.2 

161.2 

.060 

175.9 

121.2 

160.6 

189.3 

101.0 

135.1 

171.0 

.065 

185.7 

128.5 

169.9 

198.0 

107.0 

141.6 

178.0 

.070 

195.6 

135.7 

179.6 

211.3 

115.0 

149.7 

185.5 

.075 

204.5 

143.5 

188 . 3 

222.7 

121.5 

155.3 

191.7 

.080 

209.6 

150.0 

194.6 

232.1 

128.0 

160.3 

195.5 

.085 

213.3 

156.5 

201.9 

24  2.0 

134.5 

165.4 

.090 

215.5 

163.2 

207.7 

251.2 

140.0 

169.1 

.095 

211.6 

168.5 

211.6 

257.4 

144.0 

172.2 

.100 

215.5 

174.5 

215.5 

265.8 

149.0 

175.0 

.105 

SBF 

179.0 

SBF 

271.7 

152.0 

.110 

273.7 

154 .5 

B-l  H 


TABLE  B-5-4  (Continued) 


TESTS  OF  ANB-30<i6/SD-BSl-2  PROPF.LLANT/ LINER 
BOND  UNDER  ATMOSPHERIC  PRESSURE  AT  08F 


Spec .  No .  : 

5-31 

5-26 

5-28 

5-49 

5-27 

5-56 

2a ' ,  in . 

1.2 

1.2 

1.2 

1.6 

1.6 

1 .6 

R,  in.  /min. 

0.02 

0.10 

0.50 

0.02 

0.10 

0.50 

U,  in. 

f  .lb/in . 

f .lb/in. 

f  .lb/in. 

f.lb/in. 

f.lb/in. 

f . lb/in 

.005 

15.0 

18.0 

24.0 

11.7 

15.8 

21.7 

.010 

24.2 

29.5 

39.2 

19.2 

26.2 

37.1 

.015 

32.5 

39.6 

53.9 

26.2 

36.1 

50.4 

.020 

40.2 

49.5 

65.7 

31.7 

44.5 

63.8 

.025 

48.0 

58.7 

78.5 

36.5 

51.9 

74.7 

.030 

55.2 

68.1 

91.2 

42.5 

60.6 

85.6 

.035 

62.0 

77.2 

104.0 

48.2 

68.8 

97.0 

.040 

69.2 

85.5 

115.0 

53.5 

76.4 

106.4 

.045 

76.5 

94.2 

127.5 

58.0 

84.4 

116.3 

.050 

83.2 

102.2 

138.2 

63.2 

91.5 

125.7 

.055 

89.6 

110.7 

149.5 

68.2 

98.7 

132.6 

.060 

96.0 

118.7 

160.7 

73.0 

104.7 

139.1 

.065 

101.7 

124.7 

169.0 

76.2 

109.9 

143.5 

.070 

107.5 

131.5 

186.2 

80.0 

114.3 

148.5 

.075 

113.0 

137.5 

184.0 

83.0 

118.8 

.080 

117.5 

141.7 

188.2 

85.0 

121.2 

.085 

122.0 

146.0 

86.5 

.090 

125.7 

150.0 

99.7 

.095 

128.0 

.100 

130.2 

Iv- 1 


TABLE  B-5-5 


TESTS  OF  ANB-3066  /SD-851-2  1’ROrELLANT /LINER 
BOND  UNDER  A  SUPERIMPOSED  PRESSURE  OF 
500  PSIC  AT  0®F 


ec  .  No  .  : 

5-43 

5-41 

5-4  0 

'  ,  tn. 

0.4 

0.4 

0.4 

in . /min . 

0.02 

0.10 

0.50 

U,  in. 

f  ,  lb/ in . 

f, lb/in. 

f, lb/in 

.005 

20.7 

25.7 

29.0 

.010 

33.5 

45.2 

48.0 

.015 

44.0 

62.0 

68.0 

.020 

55.0 

77.7 

84.0 

.025 

65.0 

94.4 

100.0 

.030 

76.0 

110.1 

116.0 

.035 

86.5 

125.2 

131.0 

.040 

95.7 

138.8 

147.0 

.045 

105.5 

151.5 

162.0 

.050 

115.0 

168.1 

165.0 

.055 

125.0 

182.3 

190.0 

.060 

135.5 

196.4 

203.0 

.065 

144.5 

208.0 

216.0 

.070 

154.5 

221.9 

230.4 

.075 

164.0 

235.8 

224.0 

.080 

172.5 

247.4 

255.0 

.085 

182.5 

261.1 

267.0 

.090 

193.5 

273.2 

281.0 

.095 

201.0 

283.8 

292.0 

.100 

211.0 

297.4 

305.0 

.105 

220.5 

310.1 

318.0 

.110 

229.0 

320,2 

327.0 

.115 

239.0 

333.3 

339.0 

.120 

249.5 

343.9 

352.0 

.  125 

257.5 

355.0 

362.0 

.130 

267.5 

367.6 

374.0 

.135 

276.5 

378.7 

387.0 

.140 

285.5 

388.8 

397.4 

SBF 

SBF 

SBF 

B-20 


TABLE  B-5-5  (Continued) 


TESTS  OF  ANB-3066/SD-851-2  PROPELLANT /LINER 
BOND  UNDER  A  SUPERIMPOSED  PRESSURE  OF 
500  PSIG  AT  0°F 


Spec.  No.: 

5.44 

5.39 

5.38 

5.47 

5.46 

2a',  In. 

1.2 

1.2 

1.2 

1.6 

1.6 

R,  In. /min. 

0.02 

0.10 

0.50 

0.02 

0.10 

U,  In. 

f, lb/in. 

f , lb/in. 

f .lb/ in. 

f , lb/in. 

f , lb/ In 

.005 

18.5 

17.8 

28.6 

16.2 

18.4 

.10 

31.5 

30.6 

47.9 

26.5 

28.6 

.015 

44.2 

42.5 

64.5 

36.0 

40.2 

.020 

55.2 

53.9 

80.2 

45.5 

50.9 

.025 

65.7 

63.8 

95.3 

54.0 

62.1 

.030 

76.0 

74.2 

110.4 

62.5 

72.3 

.035 

86.  5 

85.1 

123.4 

70.7 

82.0 

.040 

96.0 

94.0 

139.5 

78.5 

91.7 

.045 

105.0 

103.9 

153.6 

86.5 

101.4 

.050 

113.5 

113.8 

167.1 

94.5 

110.6 

.055 

123.7 

123.7 

181.2 

102.5 

120.3 

.060 

133.5 

133.6 

194.7 

110.5 

130.0 

.065 

141.5 

141.0 

205.7 

117.0 

137.3 

.070 

151.0 

151.4 

218.7 

125.5 

146.6 

.075 

166.0 

160.3 

231.2 

132.5 

156.3 

.080 

169.7 

168.8 

241.6 

139.5 

164.0 

.085 

178.7 

178.2 

254.1 

146.5 

173.3 

.090 

188.5 

188.1 

265.6 

154.0 

181.0 

.095 

195.5 

195.0 

272.9 

160.0 

187.8 

.100 

204.0 

205.9 

283.8 

166.5 

195.6 

.105 

212.0 

213.3 

292.7 

173.0 

203.3 

.110 

219.5 

220.7 

301.0 

179.0 

209.2 

.115 

226.5 

229.7 

310.9 

185.5 

216.0 

.120 

234.0 

236.6 

319.2 

190.5 

221.8 

.125 

240.0 

244.0 

195.5 

.130 

248.0 

252.9 

200.0 

.135 

254.2 

259.9 

203.7 

.140 

260.0 

266.3 

207.0 

.145 

265.0 

.150 

269.0 

B-2  1 


rABl.K  B-5-f> 


TESTS  OF  ANB-3('h6/Sn-H51-2  PROPELLANT  /LINF.F 
BONO  UNDER  A  SUPERIMPOSED  PRESSURE  OF 
1000  PS1G  AT  0°F 


Spec .  No .  : 

5-51 

5-57 

5-58 

5-116 

5-117 

2a',  In. 

0.4 

0.4 

0.4 

i .  6 

1.6 

R,  in. /min. 

0.02 

0.10 

0.50 

0.10 

0.10 

U.  in. 

f ,1b/ in. 

f  ,  lb /in . 

f .lb/in. 

f , lb/ in . 

f ,1b/ in 

.005 

24.7 

33.3 

32.6 

20.6 

15.3 

.010 

45.0 

56.8 

57.4 

32.9 

28.5 

.015 

61.3 

76.4 

78.2 

44.3 

38.7 

.020 

77.2 

95.0 

99.5 

54.6 

47.9 

.025 

94.0 

113.7 

116.8 

64.9 

57.6 

.030 

107.4 

129.4 

132.6 

75.2 

65.3 

.035 

122.0 

149.0 

155.4 

84.5 

73.9 

.040 

135.6 

166.7 

172.2 

94.8 

84.1 

.04  5 

150.0 

182.3 

193.0 

104.1 

92.8 

.050 

162.8 

198.0 

208.4 

113.4 

101.0 

.055 

177.2 

215.7 

226.7 

123.7 

109.6 

.060 

191.5 

231.4 

245.5 

132.9 

119.3 

.065 

202.9 

245.0 

259.5 

141.2 

126.5 

.070 

2L6.3 

262.7 

277.2 

149.4 

135.7 

.075 

229.2 

275.5 

293.0 

157.7 

143.8 

.080 

240.5 

290.2 

302.9 

165.9 

152.0 

.085 

253.4 

303.9 

SBF 

175.2 

160.2 

.090 

266.8 

317.6 

181.4 

167.3 

.095 

277.2 

332.4 

188.6 

175.0 

.100 

289.6 

345.1 

195.8 

183.6 

.105 

301.9 

358.8 

204.1 

191.3 

.110 

312.8 

366.7 

210.3 

196.9 

.115 

325.2 

378.4 

216.4 

204.0 

.120 

336.6 

388.2 

221.6 

211.2 

SBF 

SBF 

B-22 


TABLE  B-5-A  (Continued) 


TESTS  OF  ANB-3066/SD-851-2  PROPELLANT /LINER 
BOND  UNDER  A  SUPERIMPOSED  PRESSURE  OF 
1000  PSIG  AT  0°F 


Spec .  No.  : 

5-4  5 

5-113 

5-48 

5-53 

2a',  in. 

1.2 

1.2 

1.2 

1.2 

R,  In. /min. 

0.02 

0.02 

0.10 

0.50 

U,  in . 

f, lb/in. 

f ,1b/ In. 

f , lb/ in . 

f, lb/in 

.005 

18.3 

15.8 

21.2 

29.7 

.010 

30.1 

26.8 

37.1 

49.5 

.015 

41.5 

36.8 

50.9 

66.3 

.020 

51.9 

44.2 

63.8 

83.1 

.025 

60.8 

52.6 

75.2 

98.0 

.030 

71.2 

61.1 

87.6 

115.8 

.035 

80.6 

68.9 

100.0 

128.7 

.040 

90.5 

77.4 

110.3 

143.5 

.045 

99.5 

85.8 

122.7 

157.4 

.050 

108.9 

93.2 

133.6 

171.2 

.055 

118.3 

101.6 

144.0 

183.1 

.060 

127.7 

110.0 

155.4 

196.0 

.065 

137.1 

115.8 

164.8 

201.9 

.070 

146.5 

124.7 

175.7 

217.3 

.075 

154.9 

131.6 

187.1 

232.6 

.080 

163.8 

140.5 

196.4 

244.5 

.085 

173.2 

147.4 

207.9 

257.9 

.090 

182.6 

155.3 

217.8 

268.3 

.095 

189.6 

161.6 

227.2 

280.1 

.100 

199.0 

168.4 

236.6 

292.0 

.105 

207.9 

176.3 

247.0 

304.9 

.110 

216.3 

182.1 

255.9 

316.8 

.115 

224.2 

189.5 

265.8 

328.7 

.120 

232.6 

195.3 

269.3 

338.6 

.125 

240.0 

200.0 

282.6 

348.5 

.130 

249.0 

205.8 

292.0 

359.4 

.135 

256.9 

211.6 

300.4 

369.3 

.140 

263.8 

215.8 

308.4 

378.2 

.145 

270.7 

388.1 

.150 

277.2 

396.0 

t 

283.1 

1 

287.6 

5-119 

1.2 

0.50 

f  ,lb/m. 

29.8 

46.3 

63.9 

79.3 

95.3 

111.3 

125.7 

141.2 

154.6 
167.0 
184.0 

195.8 

207.2 

224.7 
235.5 

247.4 

260.8 

271.1 

281.4 

293.8 

306.1 

315.4 

325.7 

337.1 


345.3 

352.5 

361.8 

369.0 


lv-23 


TABLF.  11  -ft- 1 


TESTS  OF  ANB-3066/SD-851-2  PROPELLANT/ 
LINER  BOND  IN  COMBINED  TENSION  AND 
SHEAR  AT  A  SCARF  ANGLE  OF  45“  AT  77 °F 


Spec  . 

,  No .  : 

6-88 

6-74 

6-66 

6-75 

2a’, 

in . 

0.44 

0.40 

0.40 

0.40 

R,  in. /min 

0.02 

0.10 

0.20 

0.50 

U  =U  f in . 
n  t 

f  «f  , lb/in. 
n  r 

f  -f  ,  lb/in . 
n  x 

f  -f  , lb/in. 
n  t 

f  "f  , lb/in 
n  t 

.007 

2.6 

3.3 

3.0 

1.9 

.014 

4.6 

5.2 

5.7 

3.1 

.021 

6.  5 

7.3 

8.1 

5.9 

.028 

8.4 

9.8 

10.5 

8.4 

.035 

10.6 

12.3 

12.6 

10.8 

.042 

12.7 

14.6 

15.0 

12.9 

.049 

14.6 

17.1 

17.3 

15.0 

.057 

17.3 

19.1 

19.4 

16.9 

.064 

19.4 

21.5 

21.4 

19.0 

.071 

21.7 

23.6 

23.5 

21.0 

.078 

24.0 

25.9 

25.4 

22.7 

.085 

26.3 

27.9 

26.8 

24.7 

.092 

28.6 

29.9 

28.3 

26.5 

.099 

30.7 

32.1 

29.9 

28.1 

.106 

32.8 

34.1 

31.7 

29.7 

.113 

35.2 

36.0 

33.4 

31.1 

.120 

37.2 

38.0 

35.1 

33.6 

.  127 

39.4 

39.9 

37.2 

35.5 

.134 

41.4 

41.7 

39.3 

38.3 

.141 

43.6 

43.4 

41.2 

40.7 

SBF 

SBF 

SBF 

B-Z4 


TABLF.  B-6-1  (continued) 


TESTS  OF  ANB-3066/SD-851-2  PROPELLANT - 


LINER 

BOND  IN  COMBINED 

TENSION  AND 

SHEAR 

AT  A  SCARF  ANCLE 

OF  45°  AT  77°F 

Spec.  No.: 

6-71 

6-70 

6-67 

2a’,  In. 

1.20 

1.20 

1.20 

R,  In. /min 

0.02 

0.10 

0.20 

U  -U  ,  In. 

U- 

■ 

t 

vu 

lb/in. 

f  -£  , lb/in. 

f  ■£  ,lb/in 

n  r 

n  t 

n  t 

n  t 

.007 

1.7 

2.4 

3.0 

.014 

3.4 

4.5 

5.4 

.021 

5.1 

6.5 

7.6 

.028 

6.7 

8.5 

9.8 

.035 

8.5 

10.6 

12.0 

.042 

10.2 

12,5 

14.3 

.049 

12.0 

14.6 

16.4 

.057 

13.8 

16.5 

18.3 

.064 

15.6 

18.4 

20.6 

.071 

17.3 

20.3 

22.5 

.078 

18.9 

22.3 

24.4 

.085 

20.5 

24.2 

26.3 

.092 

22.3 

26.1 

28.1 

.099 

23.8 

28.0 

29.9 

.106 

25.4 

29.9 

31.8 

.113 

27.0 

31.8 

33.4 

.120 

28.4 

33.7 

35.1 

.127 

29.7 

35.4 

36.7 

.134 

31.2 

37.2 

38.2 

.141 

32.4 

38.8 

39.5 

6-73 

1.20 

0.50 


f  ■£  ,lb/ln 
n  i 


2.2 

3.4 

4.9 

7.1 

9.2 
10.8 
13.9 
16.6 

19.1 

21.0 

23.2 

25.3 


27.4 

29.4 

31.4 
33.3 

34.9 

37.1 

39.2 
41.0 


H-25 


TABI.I'.  B-6-1  (continued) 


TESTS  OF  ANB- 1066/SD-8 5102  PROPEl.t. ANT- 
LINER  BOND  IN  COMBINED  TENSION  AND 
SHEAR  AT  A  SCARF  ANGLE  OF  45°  AT  77  F 


Spec.  No.: 
2a ’ ,  in . 

R,  in. /min 


U  «U  , in. 
n  t* 

.007 

.014 

.021 

.028 

.035 

.042 

.049 

.057 

.064 

.071 

.078 

.085 

.092 

.099 

.106 

.113 

.120 

.127 

.134 

.141 


6-90 

1.60 

0.02 


f  -f  ,1b/ in. 


2.1 

3.8 

5.6 

7.1 

8.9 
10.8 
12.6 
14.3 

16.2 

18.0 

19.8 

21.6 

23.2 

24.9 
26.6 

28.1 


6-78 

1.60 

0.20 


f  -{  , lb/in. 
_  n  T 

2.6 

4.7 

6.5 
8.4 

10.2 

12.1 

13.9 

15.8 

17.6 

19.5 
21.3 
23.0 

24.5 
26.0 

27.6 

29.1 

30.6 

32.1 

33.6 

35.1 


6-72 

1.60 

0.50 


f  »f  , lb/ in . 
n  v _ 

2.8 

4.9 
7.0 
9.0 

11.0 

12.8 

14.7 

16.4 

18.2 

20.1 

21.8 
23.6 

25.3 

26.9 

28.5 
30.2 


B-26 


TABl.r.  B-6-2 


TESTS  OF  ANB-3066/SD-851-2  PROPELLANT- 
LINER  BOND  IN  COMBINED  TENSION  AND 
SHEAR  AT  A  SCARF  ANOLF.  OF  45'  AT  O'F 


Spec .  No. : 

6-79 

6-76 

6-77 

6-89 

2a' ,  in. 

0.40 

1.20 

1.20 

1.20 

R,  In. /min 

0.50 

0.02 

0.10 

0.50 

U  -U  , in. 

f  «f  , lb/in. 

£  -f  , lb/in. 

f  -f  , lb/in. 

f  «f  .  lb/in 

n  t  ’ 

n  t 

n  t 

n  t 

n  t 

.007 

11.7 

3.6 

6.4 

5.7 

.014 

19.9 

6.1 

11.3 

10.5 

.021 

27.3 

8.4 

15.9 

14.9 

.028 

33.7 

10.4 

20.2 

19.2 

.035 

40.2 

12.3 

23.4 

23.3 

.042 

46.1 

14.2 

26.3 

27.3 

.049 

51.6 

16.1 

28.5 

32.6 

.057 

56.4 

17.6 

32.6 

38.3 

.064 

62.0 

19.5 

36.5 

43.5 

.071 

66.8 

21.4 

39.9 

48.5 

.078 

71.4 

23.1 

43.1 

53.5 

.085 

69.3 

25.0 

46.7 

58.3 

.092 

78.6 

26.4 

49.9 

63.0 

.099 

83.5 

28.3 

33.3 

68.0 

.106 

88.7 

29.8 

56.7 

72.6 

.113 

93.9 

31.3 

59.8 

77.2 

.120 

63.2 

81.9 

.127 

66.2 

86.4 

.134 

69.6 

90.8 

.141 

73.0 

95.0 

TABLE  B-6-2  (continued) 


TESTS  OF  AN B- 1066/S D- 851-2  PROPELLANT - 
LINER  BONO  IN  COMBINED  TENSION  AND 
SHEAR  AT  A  SCARF  ANGLE  OF  45®  AT  OeF 


c  . 

No .  : 

6-80 

6-8  3 

6-69 

t 

in . 

1.6 

1.6 

1  .6 

in 

.  /min 

0.02 

0.02 

0.  ]0 

U  =U  ,  in. 
n  t 

f  -f  , lb/in. 
n  t 

f  =f  , lb/ in. 
n  t 

f  *f  , lb/ In 
n  t 

.007 

3.3 

4.9 

7.8 

.014 

6.3 

8.9 

13.2 

.021 

8.8 

12.7 

17.8 

.028 

11.4 

16.2 

21.7 

.035 

13.5 

19.6 

24.9 

.042 

15.9 

22.9 

28.0 

.049 

18.3 

25.9 

31.2 

.057 

21.0 

29.1 

32.9 

.064 

23.3 

31.9 

33.3 

.071 

25.6 

34.1 

35.6 

.078 

28.5 

36.2 

39.7 

.085 

31.1 

38.5 

43.3 

.092 

33.6 

40.6 

46.9 

.099 

36.2 

42.5 

49.9 

.106 

38.6 

44.9 

53.0 

.  113 

41.1 

47.4 

55.5 

.120 

43.5 

58.8 

.127 

46.0 

61.5 

.134 

48.3 

64.0 

.141 

50.  5 

66.9 

.148 

68.6 

.156 

70.7 

Spec .  No. :  6-61 
?a' ,  in.  0.4 
R,  In. /rain  0.02 


U  ,m. 
n 

UT,in. 

f  lb/ in. 
n 

f  , lb/in 

.009 

.005 

6.3 

3.6 

.017 

.010 

10.9 

6.3 

.026 

.015 

14.5 

8.3 

.035 

.020 

18.4 

10.  6 

.043 

.025 

22.4 

12.9 

.052 

.030 

26.9 

15.5 

.061 

.035 

30.6 

17.7 

.069 

.040 

34.6 

20.0 

.978 

.045 

38.6 

22.3 

.087 

.050 

42.2 

24.3 

.095 

.055 

45.8 

26.4 

.104 

.060 

49.8 

28.7 

.113 

.065 

54.0 

31.1 

.121 

.070 

57.5 

33.2 

.130 

.075 

61.5 

35.5 

.139 

.080 

64.3 

37.1 

.147 

.085 

67.2 

38.8 

.156 

.090 

.165 

.095 

SBF 

SBF 

.173 

.100 

,.F.  ti-6-3 


/SD-851-2  PROPF.LLANT- 

dmhined  tension  and 

ANGLE  OF  30*  AT  77°F 


6-59 

0.4 

0.10 


6-85 

0.4 

0.10 


,1b  'in. 

f T ,1b/ in. 

f  lb/ in. 
n 

f  , lb/in 

5.5 

3.2 

5.5 

3.2 

10.0 

5.8 

9.5 

5.5 

13.6 

7.8 

13.7 

7.9 

18.7 

10.8 

17.8 

10.3 

23.1 

13.3 

22.3 

12.8 

27.8 

16.0 

26.5 

15.3 

32.1 

18.5 

31.0 

17.9 

36.6 

21.1 

35.4 

20.4 

41.3 

23.8 

39.7 

22.9 

45.6 

26.3 

44.1 

25.5 

50.8 

29.3 

48.4 

27.9 

55.1 

31.8 

52.2 

30.1 

59.3 

34.2 

56.4 

32.6 

63.8 

36.8 

59.3 

34.2 

68.1 

39.3 

63.1 

36.4 

72.3 

41.7 

66.7 

38.5 

76.3 

44.0 

70.5 

40.7 

79.8 

46. 1 

73.6 

42.5 

83.8 

48.3 

77.0 

44.4 

87.0 

50.2 

79.9 

46.1 

SBF 

SBF 

SBF 

SBF 

B-29 


TABI-K  B-6-J  (continued) 


TKSTS  OF  ANB-3066/SD-851-2  PROrF.LLANT- 
LINER  BOND  IN  COMBINED  TENSION  AND 
SHEAR  AT  A  SCARI'  ANC1.F.  OF  30*  AT  77  °F 


Spec .  No .  : 
2a 1 ,  in . 

R,  In. /win 


6-62 
0.  A 
0.50 


6-91 
0.  A 
0.50 


6-68 

1.2 

0.02 


n’in- 

U  ,  in . 

t 

f  , lb/in. 
n 

f t,lb/in. 

f  ,lb/in. 
n 

f  ,  lb/in. 

f  , lb/in. 
n 

f_, lb/in 

.009 

.005 

8.0 

A. 6 

6.5 

3.7 

4.5 

2.6 

.017 

.010 

12.9 

7.5 

11.5 

6.6 

8.4 

4.8 

.026 

.015 

18.  A 

10.6 

16.1 

9.3 

11.9 

6.8 

.035 

.020 

23.  A 

13.5 

20.  5 

11.8 

15.3 

8.8 

.  0A3 

.025 

28.7 

16.6 

24. 7 

14.2 

19.2 

11.1 

.052 

.030 

34. 0 

19.6 

28.9 

16.7 

22.7 

13.1 

.061 

.035 

38.5 

22.2 

33.2 

19.1 

26.4 

15.2 

.069 

.040 

43.3 

25.0 

37.8 

21.8 

10.0 

17.3 

.078 

.  0A5 

48.1 

27.8 

42.6 

24.6 

33.3 

19.2 

.087 

.05  r, 

52.6 

30.3 

47.  A 

27.3 

36.8 

21.2 

.095 

.055 

56.9 

32.8 

52.0 

30.0 

39.8 

23 

.104 

.060 

61.1 

35.3 

57.0 

32  .9 

42.7 

24.6 

.113 

.065 

65.3 

37.7 

62.1 

35.8 

45.4 

26.2 

.121 

.070 

68.6 

39.6 

66.9 

38.6 

47.9 

27.6 

.130 

.075 

70.5 

AO. 7 

71.5 

41.2 

50.0 

28.8 

.1)9 

.080 

72.0 

41.6 

76.1 

43.9 

51.0 

29.5 

.  3.  A  7 

.085 

7A.1 

42. 8 

80.4 

46.4 

.156 

.090 

76.3 

44. 0 

85.2 

49.2 

.165 

.095 

77. A 

AA .  6 

89.6 

51.7 

.173 

.  100 

79.2 

45. 7 

94.0 

54.2 

SBF 

SBF 

SBF 

SBF 

B-  30 


TABLE  B-6-3  (continued) 


TESTS  OF  ANB-3066/SD-851-2  PROPELLANT- 
LINER  BOND  IN  COMBINED  TENSION  AND 
SHEAR  AT  A  SCARP  ANCLE  OP  30°  AT  77*F 


Spec . 

No . : 

6-64 

6-55 

6-54 

2a* ,  in. 

1.6 

1.6 

1.6 

R,  in. 

/min 

0.02 

0.10 

0.50 

U  ,  In. 

U  ,  in. 

f  ,:b/in.  f 

.lb/ in. 

f  , lb/in.  f 

.lb/in. 

f  ,lb/in. 

n 

T 

n 

t 

n 

T 

n 

.009 

.005 

4.2 

2.4 

5.6 

3.2 

6.8 

.017 

.010 

7.5 

4.3 

9.7 

5.6 

11.5 

.026 

.015 

10.5 

6.0 

13.6 

7.8 

16.2 

.035 

.020 

13.7 

7.9 

17.3 

10.0 

20.7 

.043 

.025 

17.1 

9.9 

21.0 

12.1 

25.1 

.052 

.030 

20.1 

11.6 

24.6 

14.2 

30.4 

.061 

.035 

23.5 

13.6 

28.3 

16.3 

34.5 

.069 

.040 

27 

15.5 

31.9 

18.4 

38.0 

.078 

.045 

30 

17.3 

35.7 

20.6 

41.5 

.087 

.050 

32.9 

18.9 

38.9 

22.5 

45.4 

.095 

.055 

35.9 

20.7 

42.6 

24.6 

49.3 

.104 

.060 

38.7 

22.4 

45.8 

26.5 

53.1 

.113 

.065 

41.1 

23.7 

49.3 

28.5 

57.2 

.121 

.070 

43.4 

25 

52.6 

30.3 

60.6 

.130 

.075 

44.8 

25.8 

55.6 

32.1 

63.8 

.139 

.080 

45.8 

26.4 

58.8 

34.0 

66.8 

T,lb/ln. 


3.9 
6.6 
9. A 
12.0 

14.5 

17.5 

19.9 

21.9 

24.0 

26.2 

28.4 

30.6 

33.0 

35.0 

36.8 

33.6 


TABLE  B-6-3  (continued) 


TESTS  OF  ANB-3066/ SD-851-2  PROPELLANT- 
LINER  BOND  IN  COMBINED  TENSION  AND 
SHEAR  AT  A  SCaRF  ANGLE  OF  30°  AT  77°F 


Spec  . 

.  No .  : 

6-63 

6-60 

6-65 

2a', 

in . 

1.2 

1.2 

1.2 

R,  In. /min 

0. 10 

0.50 

0.50 

D  ,  in . 
n 

U^.in. 

f  , lb/in. 
n 

f  , lb/ in . 

t 

f  , lb/in. 
n 

f  ,1b/ in. 

f  f lb/ in. 
n 

f  , lb/in. 

.009 

.005 

5.6 

3.2 

7.0 

4.0 

6.9 

4.0 

.017 

.010 

9.9 

5.7 

11.6 

6.7 

12.1 

7.0 

.026 

.015 

14.2 

8.2 

16.4 

9.5 

17.1 

9.8 

.035 

.020 

17.8 

10.2 

21  .2 

12.2 

21.7 

12.5 

.04  3 

.025 

21.8 

12.6 

25.9 

15.0 

26.8 

15.4 

.052 

.030 

26.1 

15.0 

31.0 

17.9 

31.9 

18.4 

.061 

.035 

30.1 

17.4 

35.5 

20.5 

36.3 

20.9 

.069 

.040 

34.3 

19.8 

40.4 

23.3 

40.4 

23.3 

.078 

.04  5 

38.4 

22.1 

45.4 

26.2 

44.7 

25.8 

.087 

.050 

42.2 

24.3 

50.0 

28.8 

49.1 

28.3 

.095 

.055 

46.4 

26.8 

54.7 

31.6 

53.6 

30.9 

.104 

.060 

50.4 

29.1 

59.3 

34.2 

57.5 

33.2 

.113 

.065 

54.3 

31.3 

63.8 

36.8 

62 

35.8 

.121 

.070 

57.8 

33.3 

67.7 

39.1 

65.7 

37.9 

.130 

.075 

62.1 

35.9 

71.6 

41.3 

69.9 

40.4 

.139 

.080 

65.1 

37.6 

75.3 

43.5 

73.7 

4  2.5 

.147 

.085 

67.9 

39.2 

77.2 

44.5 

.156 

.090 

70.7 

40.8 

80.4 

46.4 

b-  o: 


TABLE  B-6-4 


TESTS  OF  ANB-3066/SD-851-2  PROPELLANT- 
LINER  BOND  IN  COMBINED  TENSION  AND 
SHEAR  AT  A  SCARP  ANCLE  OP  30*  AT  0*F 


Spec.  No.: 

6-86 

6-115 

6-82 

2a',  in. 

0.4 

0.4 

0.4 

R,  in./oin 

0.02 

0.10 

0.50 

U  -in. 
n’ 

U  ,in. 

T 

fn,lb/ ixi. 

f, lb/in. 

f  ,1b/ in. 
n 

fT, lb/in. 

f  , lb/in. 
n 

.009 

.005 

10.1 

5.8 

13.9 

8.0 

13.5 

.017 

.010 

17.9 

10.3 

24.7 

14.2 

23.7 

.026 

.015 

25.7 

14.6 

34.9 

20.1 

35.8 

.035 

.020 

33.3 

19.2 

44.6 

25.7 

45.4 

.043 

.025 

41.1 

23.7 

53.0 

30.6 

55.6 

.052 

.030 

48.2 

27.8 

60.7 

35.0 

65.9 

.061 

.035 

55.8 

32.2 

67.1 

38.7 

75.7 

.069 

.040 

63.4 

36.6 

75.5 

43.6 

84.7 

.078 

.045 

69.2 

40.0 

84.3 

48.7 

94 

.087 

.050 

77.7 

44.8 

92.5 

53.4 

103.2 

.095 

.055 

84.2 

48.6 

100.0 

58.2 

112.2 

.104 

.060 

90.4 

52.2 

108.9 

62.8 

120.5 

.113 

.065 

97.2 

56.1 

116.4 

67.2 

128.2 

.121 

.070 

103.9 

60.0 

124.1 

71.6 

136.1 

.130 

.075 

110.2 

63.6 

131.2 

75.7 

143.2 

.139 

.080 

116.2 

67.1 

137.8 

79.5 

149 

.147 

.085 

122.1 

70.5 

144.2 

83.2 

153 

.156 

.090 

127.7 

73.7 

149.5 

86.3 

154.6 

.165. 

.095 

132.7 

76.6 

153.7 

88.7 

.173 

.100 

136.9 

79.0 

156.8 

90.5 

SBF 

.182 

.105 

140.5 

81.1 

SBF 

SBF 

.191 

.110 

143.3 

82.7 

.199 

.115 

144.1 

83.2 

SBF 

SBF 

^ , lb/ In. 


7.8 

13.7 

20.6 

26.2 

32.1 

38.1 
A3. 7 
48.9 

54.3 

59.6 

64.7 
(-9.5 

74.0 

78.6 

82.6 

86.0 

85.3 

84.3 

SBF 


H-  33 


TABLE  B-6-4  (continued) 


TESTS  OF  ANB-3066/SD-851 -2  P ROPE LL ANT- 
LINER  BOND  IN  COMBINED  TENSION  AND 
SHEAR  AT  A  SCARF  ANCLE  OF  30°  AT  0*F 


Spec.  No.: 

6-92 

6-93 

6-87 

2a',  in. 

L .  2 

1.2 

1.2 

R,  in. /min 

0.02 

0.10 

0.50 

U  ,  in. 
n 

U  ,  in. 

T 

f  . lb/in. 
n 

f, lb/in. 

f  f lb/in. 
n 

f  , lb/in. 
x  ’ 

f  , lb/in, 

Ti 

fT, lb/in 

.009 

.005 

6.8 

3.9 

14.5 

8.3 

12.0 

6.9 

.017 

.010 

12.0 

6.9 

24.4 

14.1 

24.0 

13.8 

.026 

.015 

16.0 

9.2 

33.3 

19.2 

34.7 

20.0 

.035 

.020 

20.5 

11.8 

41.4 

23.9 

42,6 

24.6 

.043 

.025 

27.4 

15.8 

48.2 

27.8 

51.8 

29.9 

.052 

.030 

34.0 

19.6 

53.5 

30.9 

61.0 

35.2 

.06’ 

.035 

40.5 

23.3 

59.5 

34.3 

69.9 

40.4 

.069 

.040 

46.6 

26.9 

65 

37.5 

70.1 

45.1 

.078 

.045 

52.0 

30.0 

70.1 

40.5 

85.9 

49.6 

.087 

.050 

57.4 

33.1 

74.4 

43.0 

93.8 

54.1 

.095 

.055 

62.8 

36.2 

70.7 

45.4 

101.4 

58.5 

.104 

.060 

67.3 

38.8 

82.2 

47.5 

109.3 

63.1 

.113 

.065 

72.0 

41.5 

84.9 

49.0 

116.4 

67.2 

.121 

.070 

87.6 

50.6 

123.7 

71.4 

.130 

.075 

90.2 

5^.1 

130.7 

75.5 

.139 

.080 

92.4 

53.3 

137.5 

79.4 

.147 

.085 

143.9 

83.0 

B-34 


TABLE  B-6-4  (continued) 


TESTS  OF  ANB-3066/SD-851-2  PROPELLANT- 
LINER  BOND  IN  COMBINED  TENSION  AND 
SHEAR  AT  A  SCARF  ANGLE  OF  30*  AT  0*F 


Spec .  No . : 
2a  ' ,  In . 

R,  In. /min 


6-110 

1.6 

0.02 


6-84 

1.6 

0.10 


6-81 

1.6 

0.50 


n,ln. 

Ut,in. 

f  , lb/in. 
n 

fT,lb/ln. 

f  , lb/ in, 
n 

fT,lb/ln. 

f  , lb/ln. 
n 

ft,lb/in. 

.009 

.005 

8.2 

4.7 

10.5 

6.0 

14.9 

8.6 

.017 

.010 

14.8 

8,5 

18.9 

10.9 

24.8 

14.3 

.026 

.015 

20.7 

11.9 

26.4 

15.2 

33.7 

19.5 

.035 

.020 

26.3 

15.2 

34 

19.6 

41.1 

23.7 

.043 

.025 

31.9 

18.4 

40.7 

23.5 

48.2 

27.8 

.052 

.030 

37.3 

21.5 

47.5 

27.4 

54.9 

31.7 

.061 

.035 

42.8 

24.7 

53.8 

31.0 

61.4 

35.5 

.069 

.040 

47.7 

27.5 

59.6 

34.4 

68.4 

39.5 

.078 

.045 

52.8 

30.5 

65.7 

37.9 

75.2 

43.4 

.087 

.050 

58.0 

33.5 

71.2 

41.1 

82.2 

47.5 

.095 

.055 

62.9 

36.3 

76.5 

44.1 

88.5 

51.1 

.104 

.060 

67.6 

39.0 

81.7 

47.2 

94.8 

54.7 

.113 

.065 

72.0 

41.6 

86.6 

50.0 

101.1 

58.3 

.121 

.070 

76.3 

44.0 

90.9 

52.4 

106.9 

61.7 

.130 

.075 

80.5 

46.5 

95 

54.8 

112.7 

65.1 

.139 

.080 

84.3 

48.7 

98.7 

57.0 

117.5 

67.8 

B-  35 


TABLE  B-7-1 


SIMULTANEOUS  COOL/STRAIN 
TESTING  FROM  125  TO  70’F  OF 
ANB-3066/SD-851-2  PROPELLANT-LINER  BOND 


Spec .  No . : 

7- 

121 

7-124 

7- 

133 

7-120 

2a',  in. 

0.8 

1 

.2 

1.2 

1 

.6 

R,  in. /min 

0. 

0003 

0.0003 

0. 

0003 

0.0003 

AT/,  °F/hr 

6 

.60 

6. 

60 

6 

.94 

6. 

60 

U,  in . 

f, lb/in.  T.°F 

f , lb/ in 

.  T,°F 

f ,1b/ In.  T,°F 

f , lb/ in 

*  IilF 

0.005 

1.33 

123.2 

2.06 

123.2 

1.44 

123.1 

3.85 

124.2 

0.010 

3.88 

121.3 

3.99 

121.3 

2.52 

121.1 

5.05 

122.3 

0.015 

5.95 

119.5 

6.12 

119.5 

4.21 

119.2 

6.25 

120.5 

0.020 

7.77 

117.7 

7.60 

117.7 

6.49 

117.3 

7.81 

118.7 

0.025 

10.56 

115.8 

9.92 

115.8 

8.17 

115.4 

9.62 

116.8 

0.030 

12.14 

114.0 

11.98 

114.0 

10.2 

113.4 

11.3 

115.0 

0.035 

14.44 

112.2 

14.18 

112.2 

12.7 

111.5 

13.5 

113.2 

0.040 

16.02 

110.3 

16.49 

110.3 

13.7 

109.6 

15.4 

111.3 

0.045 

17.23 

108.5 

19.20 

108.5 

16.6 

107.7 

17.4 

109.5 

0.050 

19.4 

106.7 

21.78 

106.7 

18.6 

105.7 

19.7 

107.7 

0.055 

21.2 

104.8 

24.5 

104.8 

20.7 

103.8 

21.8 

105.8 

0.060 

23.1 

103.0 

27.2 

103.0 

23.0 

101.9 

23.8 

104.0 

0.065 

24.5 

101.2 

30.0 

101.2 

25.2 

99.9 

25.6 

102.2 

0.070 

27.5 

99.3 

32.7 

99.3 

27.3 

98.0 

26.7 

100.3 

0.075 

30.2 

97.5 

35.7 

97.5 

29.3 

96.1 

27.3 

98.5 

0.080 

32.3 

95.7 

36.9 

95.7 

31.0 

94.2 

26.4 

96.7 

0.085 

35.2 

93.8 

38.7 

93.8 

31.9 

92.2 

0.090 

37.9 

92.0 

39.9 

92.0 

32.0 

90.3 

0.095 

40.9 

90.2 

40,9 

90.2 

31.0 

88.4 

0.100 

42.8 

88.3 

41.0 

88.3 

0.105 

43.9 

86.5 

0.110 

44.2 

84.7 

6-36 


TABLE  B-7-1  (Continued) 


Spec .  No. : 
2a ' ,  In . 

R,  in. /min 

T,  °F/hr 

1),  In. 

0.005 

0.010 

0.015 

0.020 

0.025 

0.030 

0.035 

0.040 

0.045 

0.050 

0.055 

0.060 

0.065 

0.070 

0.075 

0.080 

0.085 

0.090 

0.095 

0.100 

0.105 

0.110 

0.115 

0.120 


SIMULTANEOUS  COOL/STRAIN 
TESTING  FROM  125  TO  70°F  OF 
ANB-3066/SD-851-2  PROPELLANT-LINER  BOND 


7-122 

7- 

123 

7- 

125 

7- 

126 

0.8 

0.8  . 

0.8  . 

0.8  , 

9.38/10 

9.38x10 

9.09x10 

9.09x10 

20. 

0 

20 

.68 

2.0 

2.0 

f ,1b/ In. 

T,°F 

f .lb/ln 

T,*F 

f. lb/ln 

T.°F 

f  .lb/ln 

T.°F 

2.45 

123.2 

2.52 

123.2 

-0.3 

123.2 

1.96 

123.2 

4.90 

121.3 

4.57 

121.3 

0.93 

121.3 

4.04 

121.3 

6.99 

119.5 

6.97 

119.5 

2.80 

119.5 

6.50 

119.5 

9.19 

117.7 

9.38 

117.7 

4.81 

117.7 

8.82 

117.7 

11.5 

115.8 

11.7 

115.8 

6.73 

115.8 

11.3 

115.8 

13.8 

114.0 

14.2 

114.0 

9.02 

114.0 

13.7 

114  .0 

16.3 

112.1 

16.6 

112.1 

11.3 

112.2 

16.1 

112.2 

18.6 

110.3 

18.9 

110.3 

13.6 

110.3 

18.5 

110.3 

21.3 

108.5 

21.5 

108.5 

16.0 

108.5 

22.7 

108.5 

23.9 

106.6 

24.3 

106.6 

18.8 

106.7 

23.9 

106.7 

26.8 

104.8 

26.7 

104.8 

21.5 

104.8 

26.7 

104.8 

29.0 

103.0 

29.8 

103.0 

24.3 

103.0 

29,4 

103.0 

31.4 

101.1 

33.2 

101.1 

26.8 

101.2 

31.9 

101.2 

33.9 

99.3 

36.3 

99.3 

29.4 

99.3 

34.1 

99.3 

36.6 

97.5 

39.8 

97.4 

31.5 

97.5 

35.5 

97.5 

39.2 

95.6 

42.9 

95.6 

34.3 

95.7 

36.  C 

95.7 

41.7 

93.8 

45.8 

93.8 

36.5 

93.8 

34.7 

93.8 

44.1 

91.9 

48.8 

91.9 

37.0 

92.0 

46.7 

90.1 

52.3 

90.1 

38.2 

90.2 

49.0 

88.3 

54.6 

88.3 

37.2 

88.3 

50.9 

86.4 

57.7 

86.4 

52.7 

84.6 

60.6 

84.6 

53.7 

82.7 

62.4 

82.7 

53.4 

80.9 

63.6 

80.9 

8-37 


TABLE  B-7-2 


SIMULTANEOUS  COOL/STRAIN 
TESTING  FROM  125  TO  4  0*F  OF 
ANB-3066/ SD-851 -2  PROPELLANT-LINER  BOND 


3 ec  .  No .  : 

7- 

105 

7- 

106 

7-98 

7-108 

'  ,  In . 

0.4 

0.8 

0.8 

1.2 

in.  /min . 

0. 

0003 

0. 

0003 

0.0003 

0.0003 

°F/hr 

10 

.20 

10 

.20 

10.20 

10.20 

U ,  In . 

f, lb/in.  T, ®F 

f , lb/in 

T,  °F 

f .lb/ in. 

T,  °F 

f  .lb/in. 

T,°F 

0.005 

-1.79 

121.2 

0.52 

122.2 

-1.0 

121.2 

1 .82 

120.2 

0.010 

-1.79 

118.3 

1.82 

119.3 

0.75 

118.3 

4.17 

117.3 

0.015 

0.0 

115.5 

3.13 

116.  5 

3.0 

115.5 

6.77 

114.5 

0.020 

3.06 

112.7 

4.95 

113.7 

5.0 

112.7 

9.38 

11]  .7 

0.025 

7.14 

109.8 

7.03 

110.8 

7.25 

109.8 

11.72 

108.8 

0.030 

10.71 

107.0 

9.11 

108.0 

9.5 

107.0 

14.32 

106.0 

0.035 

14.8 

104.2 

10.94 

105.2 

11.75 

104.2 

16.93 

103.2 

0.040 

19.9 

101.3 

13.02 

102.3 

14.25 

101.3 

19.53 

100.3 

0.04  5 

24.7 

98.5 

14.84 

99.5 

16.75 

98.5 

22.4 

97.5 

0.050 

29.8 

95.7 

17.19 

96.7 

20.5 

95.7 

27.1 

94.7 

0.055 

34.2 

92.8 

18.75 

93.8 

24.3 

92.8 

31.8 

91.8 

0.060 

38.3 

90.0 

21.9 

91.0 

28.0 

90.0 

35.9 

89.0 

0.065 

41.1 

87.2 

25.0 

88.2 

32.0 

87.2 

39.8 

86.2 

0.070 

44.9 

84.3 

28.9 

85.3 

35.5 

84.3 

43.8 

83.3 

0.075 

47.7 

81.5 

32.0 

82.5 

39.5 

81.5 

46.9 

80.5 

0.060 

50.8 

78.7 

34.9 

79.7 

43.0 

78.7 

49.7 

77.7 

0.085 

53.8 

75.8 

37.5 

76.8 

46.5 

75.8 

51.8 

74.8 

0.090 

57.9 

73. C 

39.1 

74.0 

50.0 

73.0 

53.4 

72.0 

0.095 

62.5 

70.2 

38.3 

71.2 

52.5 

70.2 

54.2 

69.2 

0.100 

66.3 

67.3 

54.5 

67.3 

54.9 

66.3 

0.105 

70.9 

64.5 

55.5 

64.5 

0.110 

74.0 

61.7 

56.3 

61.7 

0.115 

77.6 

58.8 

0.120 

79.6 

56.0 

0. 125 

80.9 

53.2 

0. 1  30 

76.5 

50.  3 

' 


TABLE  B-7-2  (Continued) 

SIMULTANEOUS  COOL/ STRAIN 
TESTING  FROM  125  TO  40®F  OF 
ANB-3066/SD-85I-2  PROPELLANT-LINEP.  BOND 


Spec .  No . : 
2a\  In. 

7- 

118 

7-99 

7-100 

7-101 

1.6 

0.8 

0.8 

1 

0.8 

R,  In. /min. 

0. 

0003 

1.25x10 

"  J 

1.25x10 

1.25x10 

*3 

T,  ®F/hr . 

10 

.20 

31.95 

31.95 

31.95 

U,  in. 

f ,1b/ In .  T,°F 

f . lb/in. 

T,°F 

f ,lb/ln. 

T.  °F 

f .lb/ in. 

T ,  “  F 

0.005 

1.52 

122.2 

2.81 

121.9 

3.32 

122.8 

3.28 

123.9 

0.010 

4.04 

119.3 

5.10 

119.7 

5.87 

120.7 

5.81 

121.7 

0.015 

6.82 

116.5 

7.40 

117.6 

8.16 

118.6 

8.21 

119.6 

0.020 

9.34 

113.7 

9.18 

115.5 

10.20 

116.5 

10.35 

117.5 

0.025 

11.87 

110.8 

11.48 

113.4 

12.50 

114.4 

12.88 

115.4 

0.030 

14.90 

108.0 

13.78 

111.2 

14.54 

112.2 

15.15 

113.2 

0.035 

17.93 

105.2 

16.07 

108.1 

16.58 

110.1 

17.93 

111.1 

0.040 

21.2 

102.3 

18.11 

107.0 

18.49 

108.0 

20.5 

109.0 

0.045 

24.0 

99.5 

2C.4 

104.8 

20.9 

105.8 

23.2 

106.8 

0.050 

27.0 

96.7 

22.8 

102.7 

23.0 

103.7 

25.8 

104.7 

0.055 

29.5 

93.8 

25.3 

100.6 

25.5 

101.6 

28.5 

102.6 

0.060 

32.1 

91.0 

28.1 

98.4 

27.8 

99.4 

31.3 

100.4 

0.065 

34.6 

88.2 

30.6 

96.3 

30.1 

97.3 

33.8 

98.3 

0.070 

36.4 

85.3 

33.4 

94.2 

32.7 

95.2 

36.6 

96.2 

0.075 

37.6 

82.5 

36.5 

92.1 

35.2 

93.1 

39.6 

94.1 

0.080 

38.1 

79.7 

39.3 

89.9 

37.8 

90.9 

42.4 

91.9 

0.085 

37.9 

76.8 

41.8 

87.8 

40.6 

88.8 

45.2 

89.8 

0.090 

36.9 

74.0 

44.6 

85.7 

43.1 

86.7 

48.0 

87.7 

0.095 

47.2 

83.5 

45.4 

84.5 

50.5 

85.5 

0.100 

49.5 

81.4 

48.0 

82.4 

53.0 

83.4 

0.105 

51.8 

79.3 

50.0 

80.3 

55.3 

81.3 

0.110 

53.3 

77.1 

51.8 

78.1 

56.8 

79.1 

0.115 

54.8 

75.0 

52.8 

76.0 

0.120 

55.6 

72.9 

52.8 

73.9 

0.125 

54.4 

70.8 

51.5 

71.8 

0.130 

55.1 

68.6 

48.5 

69.6 

&-n 


TABLE  B-7-2  (Continued) 


SIMULTANEOUS  COOL/STRAIN 
TESTING  FROM  12  5  TO  40^  OF 
ANB-3066/SD-85I-2  PROPELLANT-LINER  BOND 


Spec.  No. 

7-130 

7-131 

2a',  In. 

0.8  , 

0.8 

5 

R,  in. /min. 

9.09x10' 

9.09x10' 

T,  °F/hr. 

3 

3.09 

V ,  in  ■ 

t , lb/ in-  T, °F 

f  .lb/ in. 

T,°F 

0.005 

0.25  122.3 

-2.34 

122.2 

0.010 

1.36  119.5 

-0.35 

119.3 

0.015 

3.09  116.7 

1.75 

116.5 

0.020 

5.07  114,0 

2.34 

113.7 

0.025 

7.18  111.2 

3.97 

110.9 

0.030 

9.41  108.5 

5.02 

108.0 

0.035 

11.76  105.7 

7.01 

105.2 

0.040 

14.11  103.0 

8.29 

102.4 

0.045 

16.83  100.2 

10.16 

99.5 

0.050 

19.43  97.5 

12.03 

96.7 

0.055 

22.2  94.7 

13.90 

93.9 

0.060 

24.6  92.0 

16.12 

91.0 

0.065 

26.9  89.2 

18.93 

88.2 

0.070 

29.1  86.5 

22.2 

85.4 

0.075 

31.2  83.7 

25.0 

82.6 

0.080 

33.0  81.0 

28.3 

79.7 

0.085 

34.7  78.2 

31.5 

76.9 

0.090 

35.0 

74.1 

0.095 

37.0 

71.2 

0.100 

39.4 

68.4 

0.105 

~  e 

42.1 

65.6 

0.110 

3  0 

<— i.  CD 

44 . 6 

62.7 

0.115 

<T>  < 

r> 

47.0 

59.9 

0.120 

rr  s<J 

M* 

51.4 

57.1 

o  D 

3  0 

0.125 

NJ 

54 .9 

54.3 

0.130 

56.1 

51.4 

0.135 

60.2 

48.6 

0.140 

61.9 

45.8 

Test  Anomaly 


B-4  0 


TABLE  B-7-3 


SIMULTANEOUS  COOL/ STRAIN 
TESTING  FROM  125  TO  0*F  OF 
ANB-3066/SD-851-2  PROPELLANT-LINER  BOND 


Spec .  No . : 

7-104 

7-97 

7-96 

7-98 

2a ' ,  in . 

0. 

4  , 

1.6 

0.8  , 

0.8 

R,  in. /min. 

4.29x10 

0.0003 

9.38x10 

9.38x10 

-4 

T,  °F/hr . 

15 

15 

41 

47 

U,  in. 

f  ,1b/ in. 

T,  ®F 

f .lb/in. 

T  t  ®  F 

f , lb/in. 

T.  8F 

f . lb/in. 

T,°F 

0.0005 

2.55 

122.1 

2.30 

120.8 

1.77 

119.4 

2.50 

117.8 

0.010 

5.61 

119.2 

4.34 

116.7 

3.28 

115.7 

4.75 

113.6 

0.015 

8.42 

116.3 

6.63 

112.5 

5.56 

112.1 

7.25 

109.5 

0.020 

11.48 

113.3 

9.18 

108.3 

7.58 

108.4 

9.5 

105.3 

0.025 

15.05 

110.4 

12.12 

104.2 

9.60 

104.8 

12.0 

101.1 

0.030 

18.11 

107.5 

15.56 

100.0 

11.87 

101.1 

14.0 

96.9 

0.035 

21.4 

104.6 

18.88 

95.8 

13.89 

97.5 

0.040 

25.5 

101.7 

22.2 

91.7 

16.67 

93.8 

SBF 

SBF 

0.045 

28.8 

98.8 

25.5 

87.5 

19.44 

90.2 

0.050 

32.9 

95.9 

28.1 

83.3 

22.2 

86.5 

0.055 

37.0 

92.9 

30.9 

79.2 

25.0 

82.9 

0.060 

40.8 

9C.0 

33.2 

75.0 

28.0 

79.2 

0.065 

44.9 

87.1 

34.4 

70.8 

31.3 

75.6 

0.070 

49.2 

84.2 

35.2 

66.7 

34.6 

71.9 

0.075 

53.1 

81.3 

35.2 

62.5 

37.9 

68.3 

0.080 

57.7 

78.4 

34.9 

58.3 

40.9 

64.6 

0.085 

62.2 

75.5 

33.4 

54.2 

44.4 

61.0 

0.090 

67.3 

72.6 

47.5 

57.3 

0.095 

72.2 

69.6 

Teat  Anomaly 

50.0 

53.7 

0.100 

77.6 

66.7 

52.8 

50.0 

0.105 

82.1 

63.8 

55.0 

46.4 

0.110 

86.00 

60.9 

56.3 

42.7 

0.115 

90.3 

58.0 

57.3 

39.1 

0.120 

92.6 

55.1 

56.06 

35.4 

0.125 

94.6 

52.2 

SBF 

SBF 

0.130 

95.9 

49.2 

0.135 

95.7 

46.3 

B-4  i 
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TABLE  B-7-3  (Continued) 


SIMULTANEOUS  COOL/ STRAIN 
TESTING  FROM  125  TO  0“F  OF 
ANB-3066/SD-8 51-2  PROPELLANT-LINER  BONO 


Spec  .  No  .  : 

7-102 

7-103 

2a',  In. 

0 

•8  —U 

0. 

8  -4 

R,  In. /min. 

6.25x10 

6.25x10 

T,  “P/hr. 

46. 

88 

47 

Ut  in. 

f . lb/in 

•  LkH 

f. lb/in. 

Tt°F 

0.005 

3.5 

118.8 

3.09 

117.7 

0.010 

6.0 

112.5 

6.19 

111.5 

0.015 

9.5 

106.3 

9.02 

105.2 

0.020 

12.5 

100.0 

12.37 

98.9 

0.025 

15.5 

93.8 

15.72 

92.7 

0.030 

19.0 

87.5 

19.07 

86.4 

0.035 

22.5 

81.3 

23.2 

80.1 

0.040 

26.5 

75.0 

27.3 

73.9 

0.045 

30.0 

68.8 

31.7 

67.6 

0.050 

34.0 

62.5 

36.1 

61.3 

0.055 

38.5 

56.3 

41.0 

55.1 

0.060 

42.5 

50.0 

46.1 

48.8 

0.065 

47.3 

43.8 

51.0 

42.5 

0.070 

52.0 

37.5 

55.9 

36.3 

0.075 

57.5 

31.3 

62.4 

30.0 

0.080 

62.5 

25.0 

68.6 

23.7 

0.085 

68.5 

18.8 

74.5 

17.5 

0.090 

74.5 

12.5 

81.4 

11.2 

0.095 

80.0 

6.3 

88.7 

4.9 

0.100 

86.5 

0.0 

97.4 

-  1.3 

0.105 

92.0 

-  6.3 

TABLE  B-8 


TESTS  AT  77°F  OF  SPECIMENS  DISSECTED  FROM 
MINUTEMAN  III  MOTOR 


Spec.  No.  : 

8-1 

8.2 

8-3 

8-4 

8-5 

2a',  in. 

0.4 

0.8 

0.8 

0.8 

0.8 

R,  in. /min 

0.10 

0.02 

0.02 

0.10 

0.10 

U,  in. 

f. lb/in. 

f. lb/in. 

f, lb/in. 

f .lb/in. 

f. lb/in. 

.005 

8.2 

6.8 

6.5 

8.5 

7.5 

.010 

14.2 

12.2 

11.7 

14.4 

13.6 

.015 

19.0 

17.3 

16.2 

20.4 

IB. 6 

.020 

26.5 

22.  J 

20.7 

26.1 

23.9 

.025 

33.2 

27.2 

25.2 

31.3 

29.0 

.030 

39.3 

32.3 

30.2 

37.0 

34.5 

.035 

46.2 

37.  3 

35.0 

42.4 

39.8 

.040 

52.7 

41.4 

40.0 

48.0 

45.4 

.045 

59.0 

47.7 

45.1 

53.9 

51.0 

.050 

65.7 

52.5 

50.1 

59.8 

56.4 

.055 

72.0 

57.6 

55.2 

65.1 

62.1 

.060 

78.7 

62.5 

60.5 

70.7 

67.6 

.065 

85.5 

67.3 

65.5 

76.2 

73.2 

.070 

91.5 

72.3 

70.2 

81.6 

78.4 

.075 

97.5 

76.7 

75.0 

87.0 

83.8 

.080 

100.0 

81.3 

79.5 

91.6 

88.6 

.085 

85.8 

84.1 

96.5 

93.0 

.090 

89.2 

88.2 

100.7 

97.4 

.095 

92.6 

92.1 

100.4 

101.2 

.100 

95.5 

108.0 

.105 

98.5 

B-.'i  3 


TABLE  B-8  (Continue!) 


TESTS  AT  77°F  OF  SPECIMENS  DISSECTED  FROM 
MINUTEMAN  III  MOTOR 


c.  No.  : 

8-6 

,  in. 

0.8 

In i /min 

0.  50 

U, In.  f , lb/ln . 


.005 

9.8 

.010 

17.0 

.015 

23.3 

.020 

29.6 

.025 

36.6 

.030 

42.6 

.035 

49.  7 

.040 

56.0 

.045 

62.3 

.050 

69.1 

.055 

75.5 

.060 

81.8 

.065 

88.3 

.070 

93.6 

.075 

97.4 

.080 

.085 

.090 

.095 

.  100 

.105 

8-7 

8-8 

0.8 

1.2 

0.50 

0.10 

f.lb/in. 

f, lb/in 

9.2 

7.0 

16.1 

12.3 

22.6 

28.6 

35.0 

26.8 

40.9 

32.0 

47. 4 

37.1 

53.6 

42.2 

59.7 

47.3 

66.4 

52.2 

72.6 

37.5 

79.1 

62.  7 

95.0 

67.6 

90. 7 

72.4 

9  7.1 

76.  7 

102.4 

81. 3 

106.7 

85.1 

111.3 

88.2 

114.9 

90.9 

117.7 

93.1 

120.  3 

8-9 

8-10 

1.2 

1.6 

0.10 

0.10 

f , lb/in. 

f.lb/in. 

7.1  6.8 


12.6 

11.9 

17.6 

16.3 

23.0 

20.6 

27.9 

24.8 

32.9 

28.6 

37.9 

32.6 

42.8 

36.7 

48.0 

40.8 

53.0 

44.8 

57.9 

48.7 

62.8 

52.8 

67.3 

56.8 

71.4 

60.7 

75.4 

64.4 

78.5 

67.8 

81.0 

70.6 

83.3 

73.5 

76.0 

78.3 

TABLF.  R-10-1 


TESTS  AT  77*  F  OF  SPECIMENS  DISSECTED 
FROM  POLARIS  A- 3  MOTOR 


Spec.  No.: 

10-1 

10-2 

10-3 

10-4 

10-5 

2a‘,  In. 

0.4 

0.8 

0.8 

0.8 

0.8 

R,  In. /min. 

0.10 

0.02 

0.02 

0.10 

0.50 

u.m. 

f  tlb/in. 

f. lb/in. 

f.lb/ln. 

f.lb/ln. 

f.lb/ln. 

.005 

2.5 

2.2 

2.2 

2.7 

2.6 

.010 

4.5 

4.3 

4.5 

4  4 

5.3 

.015 

7.0 

6.1 

6.6 

6.3 

7.8 

.020 

9.2 

7.6 

8.4 

7.9 

10.4 

.025 

11.5 

9.1 

10.4 

9.7 

12.7 

.030 

13.7 

11.2 

12.2 

11.0 

15.2 

.035 

16.0 

12.7 

14.0 

12.3 

17.2 

.040 

18.5 

14.7 

16.0 

13.7 

19.4 

.045 

20.2 

16.3 

17.5 

14.9 

21.7 

.050 

22.5 

17.8 

19.4 

16.3 

23.8 

.055 

24.7 

19.6 

21.1 

17.5 

26.0 

.060 

26.7 

21.4 

22.7 

18.6 

28.0 

.065 

29.0 

22.9 

24.4 

20.1 

30.0 

.070 

31.5 

24.7 

26.3 

21.3 

32.5 

.075 

33.2 

26.5 

28.0 

22.7 

34.6 

.080 

35.2 

28.0 

29.7 

23.7 

36.8 

.085 

37.2 

30.1 

31.4 

24.9 

38.8 

.090 

39.2 

31.8 

33.1 

26.0 

40.9 

.095 

41.2 

33.1 

34.6 

27.2 

43.1 

.100 

43.5 

34.9 

36.2 

28.5 

45.0 

.105 

44.7 

36.7 

36.6 

29.5 

47.0 

.110 

46.7 

38.0 

39.3 

30.6 

49.0 

.115 

48.5 

39.5 

40.7 

31.8 

50.9 

.120 

50.2 

41.0 

42.2 

32.7 

52.8 

.125 

52.2 

42.6 

43.7 

34.0 

54.7 

.130 

53.7 

44.1 

45.2 

35.2 

56.4 

.135 

55.2 

45.4 

46.5 

36.2 

58.1 

.140 

57.2 

46.9 

47.7 

37.2 

6U.0 

.14  5 

58.7 

47.9 

49.0 

38.2 

61.8 

.150 

60.  9 

48.7 

48.3 

39.2 

63.5 

.155 

62.0 

62.0 

51.3 

30.5 

.160 

63.5 

63.5 

52.4 

63.5 

.  165 

65.0 

65.0 

53.3 

65.0 

.170  54.2 
.175  54.8 
.180  55.1 
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TABLE  B-10-1  (Continued) 


TESTS  AT  77°F  OF  SPECIMENS  DISSECTED 
FROM  POLARIS  A- 3  MOTOR 


Spec .  No  .  : 

10-6 

10-7 

10-8 

10-9 

2a',  i' 

0.8 

1.2 

1.2 

1.6 

R,  tn./mtn. 

0.50 

0.10 

0.10 

0.10 

U,  in. 

f , lb/ In . 

f . lb/in. 

f ,1b/ In. 

f , lb/in 

.005 

2.8 

3.0 

2.0 

2.5 

.010 

5.5 

5.2 

4.0 

4.6 

.015 

7.7 

7.5 

6.0 

6.2 

.020 

10.1 

9.6 

7.8 

8.0 

.025 

12.5 

11.5 

9.7 

9.5 

.030 

14.9 

13.4 

11.5 

11.0 

.035 

17.1 

15.4 

13.2 

12.3 

.040 

19.6 

17.2 

15.0 

14.0 

.045 

21.9 

19.1 

16.6 

15.4 

.050 

24.2 

20.9 

18.5 

17.0 

.055 

26.2 

22.8 

20.1 

18.4 

.060 

28.8 

24.5 

21.7 

19.8 

.065 

31.0 

26.5 

23.4 

21.4 

.070 

33.3 

28.5 

25.0 

22.7 

.075 

35.5 

30.0 

26.6 

24.4 

.080 

37.7 

32.0 

28.5 

25.7 

.085 

39.8 

33.8 

30.1 

27.3 

.090 

42.0 

35.7 

31  .9 

28.7 

.095 

44 . 3 

37.6 

33.3 

30.2 

.100 

46.3 

39.0 

34.8 

31.4 

.105 

48.4 

40.8 

36.5 

32.8 

.110 

50.4 

42.3 

38.0 

34.1 

.115 

52.4 

43.9 

39.3 

35.2 

.120 

54.  5 

45.5 

41.0 

36.5 

.  125 

56.  5 

47.1 

42.2 

37.7 

.130 

58.  3 

48.5 

43.5 

38.8 

.135 

60.2 

49.7 

44 . 9 

39.6 

.  140 

62.1 

51.1 

46 . 1 

40.6 

.145 

6  J .  7 

52.5 

47.4 

41.2 

.150 

65.6 

53.6 

48.3 

41.7 

.155 

67.3 

54 . 6 

49.4 

42.1 

.160 

63.5 

55.  5 

50.4 

50.4 

I’.  - 


TABLE  B-10-2 

tests  at  o*f  of  speci^  °Jssected 

FROM  POLARIS  A- 3  MOTOR 


S*»e. 

No.: 

10-10 

A  4 

10-11 

0.8 

10-12 

0.8 

6.  16 

In. 

.  /aln 

u 

0.10 

0.02 

0.02 

U.ln. 

f.lb/ln. 

f.lb/ln. 

f.lb/ln.  J 

.005 

.010 

.015 

.020 

10.9 

17.6 

24.0 

19.2 

5.8 

11.9 

16.3 

20.1 

6.6 

11.4 

15.4 

19.0 

.025 

.030 

.035 

.060 

34.7 

39.0 

44.2 

48.1 

23.8 

27.1 

30.5 

33.5 

22.3 

25.7 

28.9 

31.6 

.045 

.050 

.055 

.060 

52.1 

56.4 

60.0 

64.0 

36.7 

39.6 

42.8 

45.8 

34.7 

37.8 

40.7 

43.3 

.065 

.070 

.075 

.080 

58.2 

72.2 

76.2 
79.5 

49-0 

52.0 

55.2 

58.0 

46.4 

49.5 

52.1 

55.0 

.085 

.090 

.095 

.100 

83.5 
86.8 

90.5 

94.5 

60.9 

61.7 

66.4 

69.4 

57.6 

60.7 

63.3 

66.1 

.105 

.110 

.115 

.120 

97.5 

100.6 

103.9 

108.8 

71.8 

74.6 

77.5 

80.2 

68.8 

71.4 

74.0 

76.4 

.125 

.130 

.135 

.140 

110.0 

113.4 

116.1 

119.2 

82.8 

85.4 

88.0 

90.6 

78.8 

81.4 

83.8 

86.1 

.145 
•  ISO 
.155 
.160 

121.9 

124.6 

127.7 
130.1 

93.1 

95.3 

97.8 

100.0 

88.3 

90.7 

93.0 

952 

10-  13 

n.8 

0.10 

t.ib/m. 

8.3 

15.1 

18.1 

25. 2 

29. A 
34.0 

37.5 

41.6 

44.3 
47.5 
50.2 

53.1 

55.8 

56.8 

62.2 

65.1 

67.8 

70.5 

73.5 

76.9 

79.6 

82.1 

84.8 

87.9 

91.1 
94.3 
96.8 
99.0 

102.2 

105.1 
107.5 

110.2 


111.6 

115.8 
118.6 

121.9 

125-0 

128.0 

131.1 

133.6 

136.3 

139.1 

141.6 

144.4 


.165 

.170 

.1/5 

.180 


97.6 

100.0 

102.1 

104.2 


.185 


105.9 


TABLE  6-10-2  (Continued) 


TESTS  AT  0*f  OF  SFECUttNS  DISSECTED 
TROM  FOLAIJS  A- 3  NOTOE 


Sptc 

So.  : 

10-15 

10-16 

10-17 

10-18 

2*’. 

In . 

0.8 

1  2 

1.2 

1.6 

R,  in. /min. 

0.50 

0.10 

0.10 

0.10 

U.  In. 

f.lb/ln. 

f.lb/ln. 

f.lb/lo. 

f.lb/ln 

.005 

13.6 

8.9 

9.4 

8.8 

.010 

21.7 

15.3 

15.4 

14.6 

.015 

29.2 

20.6 

21.1 

19.6 

.020 

35.8 

25.5 

26.0 

23.9 

REPEATABILITY  TESTS  OF  ANB-3600/SD-923 
PROPELLANT-LINER  BONO  AT  77  *F  AND  ATMOSPHERIC 
PRESSURE  (OPERATOR  1,  BATCH  I) 


Spec  No . : 

11-1 

11-2 

11-3 

11-4 

11-5 

2a',  in. 

0.4 

0.8 

0.8 

0.8 

0.8 

R,  in. /min 

0.10 

0.02 

0.02 

0.10 

0.50 

U,  in. 

f ,lb/in. 

f .lb/in. 

f. lb/in. 

f. lb/in. 

f. lb/in 

.005 

4.6 

2.5 

2.0 

3.5 

2.8 

.010 

7.7 

4.3 

3.7 

5.8 

6.4 

.015 

10.3 

6.2 

5.0 

8.6 

9.0 

.020 

12.8 

8.1 

7.3 

11.4 

12.3 

.025 

15.4 

10.1 

8.8 

14.0 

14.9 

.030 

18.0 

12.2 

10.6 

16.5 

18.0 

.035 

21.3 

14.5 

12.3 

19.6 

20.6 

.040 

24.7 

16.7 

14.1 

22.4 

23.1 

.045 

28.0 

19.1 

16.1 

25.2 

27.0 

.050 

30.9 

21.6 

17.9 

28.0 

30.1 

.055 

34.0 

24.2 

20.2 

31.3 

32.7 

.060 

38.1 

26.9 

22.7 

34.4 

36.0 

.065 

41.4 

29.6 

25.2 

37.7 

39.6 

.070 

45.1 

32.4 

27.7 

40.8 

43.2 

.075 

48.7 

35.4 

30.3 

44.6 

46.9 

.080 

51.5 

38.6 

32.8 

47.9 

50.5 

.085 

56.1 

41.6 

35.3 

51.2 

54.1 

.090 

59.5 

44.8 

37.8 

54.8 

57.9 

.095 

63.4 

48.0 

40.4 

58.4 

61.8 

.100 

67.2 

51.2 

43.4 

61.7 

65.7 

.105 

71.3 

54.4 

46.4 

65.5 

69.5 

.110 

74.7 

57.7 

49.2 

68.8 

73.7 

.115 

78.8 

61.0 

53.0 

72.4 

77.3 

.120 

82.7 

64.2 

55.5 

76.0 

81.4 

.125 

86.5 

67.7 

58.8 

79.3 

85.0 

.130 

90.2 

71 .2 

61.8 

82.9 

89.1 

.135 

94.0 

74.5 

65.1 

86.7 

93.5 

.140 

95.3 

77.9 

68.1 

89.7 

97.4 

.145 

102.0 

81.1 

70.9 

93.1 

101.2 

.150 

105.6 

84.4 

74.4 

96.4 

105.4 

.155 

109.5 

88.0 

78.2 

99.4 

109.5 

.160 

115.7 

91.2 

81.3 

102.8 

112.8 

.165 

117.7 

87.1 

116.7 

.170 

120.6 

90.4 

121.1 

.175 

123.7 

93.4 

124.4 

.180 

127.5 

95.9 

127.8 

.185 

130.6 

98.4 

.  190 

133.5 

101  .0 

.  I  o  ■> 

130.5 

103.5 

.200 

139.  1 

B-49 


Spec  No . : 
2a',  in. 

R,  in. /min 

b',  in  ■ 

.005 

.010 

.015 

.020 

.025 

.030 

.035 

.040 

.045 

.050 

.055 

.060 

.065 

.070 

.075 

.080 

.085 

.090 

.095 

.100 

.105 

.110 

.115 

.120 

.125 

.130 

.135 

.140 

.145 
.150 
.155 
.  160 

.164 
.170 
.  175 
.  1  80 

.  1  H  5 
]  '*') 


TABLE  B— 1 1  (CONTINUED) 

REPEATABILITY  TESTS  OT  ANB-3600/SD-92 3 
PROPELLANT-LINER  BOND  AT  77'F  AND  ATMOSPHERIC 
PRESSURE  (OPERATOR  1,  BATCH  1) 


11-6 

11-8 

0.8 

1.2 

0.50 

0.10 

f ,1b/ in. 

f ,1b/ in 

2.2 

2.2 

5.0 

4.0 

8.8 

6.0 

11.3 

7.5 

14.3 

9.8 

17.4 

11.1 

20.2 

13.1 

23.2 

15.1 

26.5 

17.4 

29.5 

19.4 

32.3 

21.4 

35.3 

24.2 

38.8 

27.0 

41.6 

29.5 

45.2 

32.0 

47.9 

34.8 

52.0 

37.6 

55.5 

40.4 

59.3 

43.4 

63.8 

46.7 

67.4 

50.2 

71.7 

53.0 

75.7 

56.5 

79.2 

60.3 

83.3 

63.1 

87.1 

66.9 

90.9 

69.4 

95.2 

72.9 

98.9 

75.7 

102.7 

78.5 

106.8 

81.5 

110.8 

84  .0 

114.3 

117.6 

121.2 

124.4 

11-7 

11-9 

1.2 

1.6 

0.10 

0.10 

f  .lb/in. 

f, lb/in. 

2.0 

2.8 

4.5 

5.1 

7.3 

6.9 

9.8 

9.0 

12.3 

10.3 

14.8 

12.6 

17.6 

14.1 

20.2 

16.4 

23.2 

18.0 

26.5 

20.6 

29.5 

23.1 

32.5 

25.5 

35.3 

27.8 

38.8 

29.8 

42.4 

32.2 

45.4 

35.3 

48.7 

38.6 

52.5 

40.7 

55.8 

43.5 

59.3 

46.3 

62.6 

48.9 

65.6 

52.3 

69.4 

55.4 

73.2 

57.9 

76.7 

60.8 

80.0 

64.1 

83.3 

67.0 

86.6 

70 .  o 

90.1 

72.9 

93.4 

76.2 

96.2 

79.3 

99.4 

82.4 

85.3 

88.4 
91 .2 
94 . 0 

9>j .  i 
QK  .  7 
1  01  ,(i 


l»  ill 


TABLE  B-12 


REPEATABILITY  TESTS  OF  ANB-3600/SD-923 
PROPELLANT-LINER  BOND  AT  77*P  AND  ATMOSPHERIC 
PRESSURE  (OPERATOR  1,  BATCH  2) 


Spne ■  No . ! 
2a'.  in. 

12-1 

12-2 

12-3 

12-4 

12-5 

0.4 

0.8 

0.8 

0.6 

0.8 

It,  In. /sin 

0.10 

0.02 

0.02 

0.10 

0.10 

t'.  In. 

f.lb/ifl. 

f.ib/m. 

Mb/ In. 

f .lb/ln. 

f.lb/tn 

.005 

2.8 

1.7 

1.9 

1.9 

2.5 

.010 

5.1 

3.5 

3.3 

4.2 

4.3 

.015 

7.1 

4.8 

4.8 

3.9 

6.1 

.o:o 

8.9 

6.1 

6.0 

7.4 

7.7 

.025 

11.2 

7.3 

7.4 

9.4 

10.0 

.030 

12.7 

8.9 

8.7 

11.1 

11.3 

.035 

14.5 

10.2 

10.2 

12.6 

13.6 

.040 

16.5 

11.7 

11.5 

14.3 

15.4 

.045 

18.6 

13.5 

13.1 

16.3 

17.7 

.050 

20.4 

14.7 

14.5 

18.3 

19.3 

.055 

22.9 

16.3 

16.0 

20.0 

21.9 

.060 

25.5 

18.1 

17.6 

22.2 

24.2 

.065 

28.0 

19.8 

19.3 

24.3 

26.8 

.070 

30.6 

21.9 

21.2 

26.7 

29.1 

.071 

33.1 

23.9 

23.1 

28.7 

31.1 

.080 

35.7 

23.7 

24.8 

30.9 

34.0 

.085 

38.2 

27.8 

26.9 

33.1 

36.8 

.090 

41.3 

30.1 

29.0 

35.6 

39.6 

.095 

44.3 

32.3 

31.2 

37.8 

42.3 

.100 

47.7 

34.6 

33.4 

40.5 

45.1 

.105 

31.0 

36.7 

35.7 

43.0 

47.9 

.110 

14.3 

39.2 

38.1 

43.7 

50.7 

.115 

57.9 

41.5 

40.6 

48.0 

33.6 

.120 

61.2 

44.1 

43.2 

50.7 

56.4 

.125 

64.7 

46.6 

45.6 

53.2 

39.2 

.130 

68.3 

48.7 

48.3 

36.4 

62.1 

.135 

72.1 

51.2 

50.8 

39.1 

65.2 

.140 

76.0 

53.5 

53.5 

61.8 

68.3 

.14  5 

79.3 

36.1 

36.5 

64.3 

71.3 

.150 

82.9 

58.4 

59.3 

67.0 

74.2 

.155 

86.7 

60.7 

62.1 

70.2 

77.3 

.160 

90.3 

62.7 

64.9 

73.0 

80.1 

.165 

94.3 

64.7 

67.6 

75.9 

82.9 

.170 

36.4 

67.0 

70.6 

78.9 

85.8 

.175 

sir 

68.8 

73.2 

81.6 

98.6 

.180 

73.7 

84.9 

91.4 

.185 

78.4 

87.3 

93.8 

.190 

81.2 

90.3 

.195 

83.6 

93.3 

.200 

83.6 

95.7 

.205 

88.0 

98.0 

.210 

90.3 

100.4 

.215 

102.4 

.220 

104.4 
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TABLE  B-12  (CONTINUED) 

REPEATABILITY  TESTS  OF  ANB-3600/SD-923 
PROPELLANT-LINER  BOND  AT  77°F  AND  ATMOSPHERIC 
PRESSURE  (OPERATOR  1,  BATCH  2) 


c.  No.  : 

12 -6 

12-7 

,  In. 

0.8 

0.8 

In.  /Bin 

0.50 

0.50 

U.  in. 

f .lb/in. 

f.lb/in 

.005 

4.3 

4.3 

.010 

7.1 

6.9 

.015 

9.4 

9.5 

.020 

11.7 

12.1 

.025 

14.5 

14.6 

.030 

16.3 

16.4 

.035 

18.6 

19.0 

.0*0 

20.9 

21.3 

.0*5 

23.7 

23.4 

.050 

26.5 

26.0 

.055 

29.3 

28.3 

.060 

32.3 

11.1 

.065 

35.2 

33.7 

.070 

37.7 

36.5 

.075 

40.8 

39.4 

.080 

43.8 

42.5 

.085 

47.1 

45.8 

.090 

50.5 

48.9 

.095 

53.8 

52.0 

.100 

57.1 

55.1 

.105 

60.7 

58.2 

.110 

64.2 

61.8 

.115 

67.8 

64.6 

.120 

71.9 

68.2 

.125 

72. 5 

71.6 

.130 

79 .0 

74.7 

.135 

83.1 

78.0 

.1*0 

86.7 

81.1 

.1*5 

90.0 

84.7 

.150 

93.8 

87.6 

.155 

94.6 

90.2 

.160 

101.5 

93.8 

.165 

104.5 

96.3 

.170 

107.1 

99.2 

.175 

no.  9 

102.0 

.180 

111.  5 

104.1 

.  185 

.190 

12-8 

12-9 

12-10 

1.2 

1.2 

1.6 

0.10 

0.10 

0.10 

f.lb/ln. 

f.lb/ln. 

f.lb/in 

2.0 

2.2 

2  0 

3.7 

4.2 

3.7 

5.0 

6.0 

5.3 

7.0 

7.5 

6.9 

8.5 

8 .8 

8.2 

10.1 

10.3 

9.7 

11.8 

12.3 

11.2 

13.6 

13.8 

12.7 

15.1 

15.4 

14.3 

16.9 

17.4 

15.9 

18.6 

18.9 

17.8 

20.2 

20.9 

19.5 

22.7 

22.7 

21.4 

25.2 

25.2 

23.4 

27.2 

27.5 

25.5 

29.2 

29.5 

27.7 

31.5 

31.8 

29.8 

34.0 

33.8 

32.3 

36.6 

36.3 

34.6 

39.1 

38.8 

37.1 

41.6 

*1.1 

39.5 

44.6 

*3.6 

41.9 

47.4 

*6.2 

44.3 

50.0 

*8.4 

46.8 

52.7 

51.2 

48.9 

55.0 

53.7 

51.5 

57.5 

56.3 

54.0 

60.6 

58.8 

56.2 

62.8 

61.3 

58.1 

65.1 

63.8 

60.4 

67.1 

66.4 

62.1 

68.9 

68.9 

64.1 

71.2 

71.4 

73.2 

73.9 

76.0 

78.5 

80.8 

83.3 

TABLE  B-21 


REPEATABILITY  TESTS  OF  ANB-3600/SD-92 3 
PROPELLANT-LINER  BOND  AT  77 °F  AND  ATMOSPHERIC 
PRESSURE  (OPERATOR  2,  BATCH  I) 


Spnc.  No.: 

21-11 

21-12 

21-13 

21-U 

21-15 

2«',  in. 

0.4 

0.8 

0.8 

0.8 

0.8 

k,  ln./aln 

0.10 

0.02 

0.02 

0.10 

0.10 

U,  In. 

f.ib/m. 

f.lb/ln. 

f.lb/ln. 

f.lb/ln. 

f.lb/ln 

.003 

2.3 

1.0 

1.4 

2.5 

2.5 

.010 

3.0 

3.0 

3.4 

5.0 

5.1 

.013 

7.2 

3.1 

4.9 

7.5 

7 . 6 

.020 

9.2 

6.3 

6.6 

10.0 

10.2 

.023 

11.3 

8.1 

8.1 

12.5 

12.7 

.030 

13.7 

10.2 

9.9 

13.0 

15.3 

.035 

16.0 

11.9 

11.3 

17.2 

17.8 

.040 

18.2 

13.5 

13.1 

20.0 

20.6 

.043 

20.5 

13.8 

14.6 

22.5 

23.4 

.030 

22.7 

17.3 

16.5 

23.0 

26.3 

.033 

23.0 

19.1 

18.3 

28.5 

29.3 

.060 

27.3 

20.9 

19.8 

31.2 

32.3 

.063 

30.0 

22.9 

27.2 

34.5 

33.2 

.070 

32.5 

23.0 

24.5 

37.2 

38.0 

.073 

33.2 

27.2 

26.7 

40.2 

40.8 

.080 

38.0 

28.8 

28.9 

43.7 

43.6 

.083 

40.7 

31.1 

30.9 

47.0 

46.4 

.090 

43.5 

33.1 

33.4 

30.0 

.9.7 

.093 

47.2 

35.7 

33.8 

53.3 

52.8 

.100 

30.3 

38.0 

38.3 

36.7 

55.6 

.103 

54.3 

40.3 

40.8 

60.0 

58.6 

.110 

37.5 

43.1 

44.0 

63.5 

61.9 

.113 

61.0 

43.6 

46.3 

67.2 

63.0 

.120 

64.3 

47.4 

49.3 

70.0 

67.8 

.123 

68.2 

30.0 

31.7 

73.7 

70.6 

.130 

72.0 

32.8 

34.4 

76.7 

73.4 

.133 

73.0 

35.6 

56.9 

80.0 

76.2 

.140 

79.0 

38.4 

39.4 

83.5 

78.8 

.143 

82.3 

60.9 

61.8 

86.7 

81.6 

.ISO 

86.2 

63.3 

64.3 

90.0 

83.9 

.133 

90.0 

66.3 

67.0 

92.5 

86.4 

.160 

94.0 

68.8 

69,8 

93.7 

88.0 

.163 

97.5 

71.4 

72.5 

98.7 

.170 

101.2 

73.7 

73.2 

101.7 

.173 

103.0 

76.2 

77.9 

104.5 

.180 

109.0 

79.0 

79.9 

.183 

112.7 

81.6 

81.6 

.190 

116.7 

84.1 

84.1 

.195 

120.0 

86.6 

86.6 

.700 

122.5 

89.1 

B-S3 


TABLE  B-21  (CONTINUED) 


REPEATABILITY  TESTS  OF  ANB-3600/SD-923 
PROPBLLANT-LINER  BOND  AT  7?*F  AND  ATMOSPHERIC 
PRESSURE  (OPERATOR  2,  BATCH  1) 


C  .  No  -  : 

21-16 

,  In. 

0.8 

In.  /min 

0.20 

U.  in. 

f .lb/lo. 

.005 

3,2 

.010 

5.7 

.015 

8.0 

.020 

10.0 

.025 

13.0 

.030 

14.5 

.035 

16.2 

.040 

17.7 

.045 

19.8 

.050 

22.2 

.055 

24.0 

.060 

26.0 

.065 

28.2 

.070 

30.3 

.075 

33.1 

.080 

35.0 

.085 

37.7 

.090 

40.0 

.085 

42.2 

.100 

45. C 

.105 

47.2 

.110 

49.7 

.113 

52.2 

.120 

55.0 

.125 

57.2 

.130 

60.0 

.135 

63.1 

1^0 

65.5 

.145 

68.1 

.150 

71.2 

.155 

74.3 

.160 

77.0 

.165 

79.6 

.170 

82.5 

.175 

.180 

.185 

.  190 

.  195 

21-17 

21-18 

0.8 

1.2 

0.20 

0.10 

f -lb/in. 

f  ,lb/ln. 

4.6 

2.3 

8.0 

3.8 

10.9 

5.9 

13.3 

7.4 

16.1 

9.0 

18.7 

10.3 

20.8 

11.8 

23.4 

13.6 

26.0 

14.9 

28.6 

16.7 

31.2 

18.8 

33.8 

20.3 

36.4 

21.9 

38.8 

23.9 

41.4 

26.2 

44.4 

28.8 

47.1 

31.9 

30.1 

36.0 

57.8 

40.2 

55.9 

43.1 

58.9 

48.4 

61.8 

$1.5 

64.8 

54.3 

67.9 

57.7 

70.5 

60.5 

73.6 

63.9 

77.0 

67.0 

80.0 

69.5 

83.3 

72.9 

86.3 

76.0 

89.5 

79  1 

92.9 

82.4 

96.3 

85.3 

99.4 

88.4 

91.4 
94.0 

96.6 
99.3 
10)  .8 

21-19 

21-20 

1.2 

1.6 

0.10 

0.10 

^b/U- 

t  .lb/ln. 

2.5 

2.2 

5.0 

5-0 

7.0 

6.7 

8.8 

8.5 

10.8 

10.0 

12.6 

11.7 

15.1 

13.5 

16.9 

14.7 

18.9 

16.2 

21.2 

17.7 

22.9 

19.7 

26.2 

21.5 

27.7 

23.0 

30.3 

25.0 

32.8 

27.0 

34.8 

28.7 

37.6 

30.5 

40.4 

32.5 

42.9 

35.0 

45.4 

37. C 

47.9 

39.0 

50.7 

40.7 

53.5 

42.5 

56.5 

43.0 

59.3 

4’. 3 

62.1 

49.3 

65.4 

31.7 

68.1 

53.5 

70.7 

35.7 

74.2 

57.5 

76.7 

59.7 

79.2 

61.2 

91  .6 

63.2 

84.3 

65.0 

86.8 

66.7 

88.6 

67.7 

90, 9 

93  . 1 

94  .  6 
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TABLE  B-22 


REPEATABILITY  TESTS  OF  ANB-3600/SD-923 
PROPELLANT-LINER  BOND  AT  77*F  AND  ATMOSPHERIC 
PRESSURE  (OPERATOR  2,  BATCH  2) 


Spac.  Ho.: 

22-11 

22-12 

22-13 

22-14 

22-13 

2a',  in. 

0.4 

0.8 

0.8 

0.8 

0.8 

*,  in./ain 

0.10 

0.02 

0.02 

0.10 

0.30 

U,  In. 

(.lb/ In. 

f.lb/ln. 

f.lb/ln. 

f.lb/ln. 

f.lb/ln 

.005 

2.5 

1.0 

1.4 

2.3 

2.3 

.010 

4.8 

2.5 

2.6 

3.0 

4.3 

.015 

7.0 

3.7 

4.3 

6.3 

6.3 

.020 

9.1 

3.0 

3.3 

8.0 

7.9 

.025 

10.9 

7.3 

7.0 

10.1 

10.2 

.030 

13.0 

8.3 

8.0 

11.3 

11.7 

.035 

14.6 

10.1 

9.4 

13.1 

13.5 

.040 

16.3 

12.1 

10.6 

15.1 

13.3 

.045 

18.4 

13.3 

12.1 

16.4 

17.0 

.050 

20.4 

13.1 

13.3 

18.1 

18.6 

.055 

22.1 

17.1 

14.3 

20.2 

20.4 

.060 

24.2 

18.9 

16.3 

21.9 

22.9 

.065 

26.1 

20.7 

18.2 

23.7 

24.2 

.070 

28.3 

22.7 

19.4 

25.3 

26.2 

.075 

30.6 

25.0 

23.3 

27.7 

26.0 

.080 

32.6 

26.7 

23.4 

30.3 

30.3 

.085 

34.6 

29.0 

26.9 

32.3 

32.3 

.  090 

36.7 

31.5 

29.1 

34.0 

34.4 

.005 

39.0 

34.0 

31.0 

36.6 

36.7 

.100 

41.3 

36.3 

33.4 

39.1 

38.2 

.105 

43.8 

38.1 

33.1 

41.6 

40.8 

.110 

46.4 

40.4 

37.1 

44.1 

43.3 

.115 

48.7 

42.9 

38.3 

46.4 

45.9 

.120 

51.2 

43.4 

41.2 

48,7 

47.9 

.125 

53.8 

47.9 

43.4 

31.2 

30.7 

.130 

56.3 

50.2 

44.9 

33.7 

52.8 

.135 

58.9 

32.7 

47.3 

56.3 

55.1 

.140 

61.8 

53.0  • 

49.2 

39.3 

57.3 

.145 

64.5 

36.8 

31.4 

61.8 

59.9 

.150 

67.3 

39.0 

53.3 

64.3 

62.3 

.155 

70.1 

61.3 

55.8 

66.9 

65.0 

.140 

7?.  9 

43.1 

57.5 

69.9 

67.6 

.165 

75.7 

65.1 

59.2 

72.4 

?0.1 

.170 

78.8 

66.9 

60.6 

75.0 

73.4 

.175 

81.6 

69.4 

62.8 

77.5 

76.2 

.  180 

84.8 

64.3 

79.5 

79.0 

.185 

87.7 

80.8 

81.6 

.190 

90.8 

83.3 

84.1 

.195 

93.6 

85.8 

86.7 

.200 

96.9 

87.1 

89.2 

.205 

99.8 

91.8 

•  ill 

102.8 

94.3 

.215 

105.4 

96.6 

.220 

108.4 

98.9 
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TABLE  B-22  (CONTINUED) 
REPEATABILITY  TESTS  OF  ANB-3600/SD-923 


PROPELLANT-LINER 

BOND  AT  77 

°F  AND 

ATMOSPHERIC 

PRESSURE 

(OPERATOR  2 

,  BATCH 

2) 

Sp*c.  No.: 

22-16 

22-17 

22-18 

22-19 

22-20 

2«'.  In. 

0.8 

0.8 

1.7 

1.2 

1.4 

R,  ln./aln 

0.50 

0.50 

0.10 

C.10 

0.10 

U.ln. 

f.lb/ln. 

f.lb/ln. 

f.lb/ln. 

•lb/ln.  f 

.lb/ In 

.005 

3.3 

2.5 

2.0 

1.9 

2.4 

.010 

6.3 

3.5 

3.8 

3.8 

4.2 

.015 

11.4 

8.3 

3.1 

5.3 

5.9 

.020 

11.2 

10.8 

6.7 

7.0 

7.3 

.025 

13.7 

13.2 

7.9 

8.4 

8.8 

.030 

15.3 

15.4 

9.3 

10.2 

1C.  4 

.035 

17.8 

17.4 

10.8 

11.9 

11.9 

.040 

19.6 

19.6 

12.2 

13.5 

13.5 

.045 

22.1 

22.0 

13.6 

15.0 

14.9 

.050 

24.7 

24.7 

15.4 

16.8 

16.5 

.055 

26.5 

27.0 

17.7 

18.4 

18.2 

.060 

29.0 

29.5 

19.5 

19.8 

19.8 

.065 

31.3 

32.0 

21.9 

21.9 

21.6 

.070 

33.9 

34.7 

23.9 

23.7 

23.3 

.075 

36.7 

37.6 

26.0 

25.5 

25.3 

.080 

39.2 

40.4 

28.0 

27.4 

27.3 

.085 

41.8 

43.1 

30.1 

29.5 

29.3 

.090 

44.6 

46 , 2 

31.9 

31.3 

31.3 

.095 

47.1 

4e.9 

34.2 

33.4 

33.3 

.100 

49.7 

52.0 

36.3 

35.7 

15.3 

,105 

52.5 

54.7 

38.6 

37.6 

37.4 

.110 

55,6 

37.5 

40.5 

39.5 

39.6 

.115 

58.6 

61.1 

42.7 

41.8 

41.8 

.120 

61.8 

64.1 

45.1 

44.1 

43.9 

.125 

65.0 

67.1 

47.4 

46.4 

46.0 

.130 

6’. 8 

70.4 

49.7 

43.4 

47.9 

.135 

70.7 

73.4 

31.8 

50.7 

49.9 

.140 

73.9 

76.7 

54.1 

53.3 

51.8 

.145 

77.1 

79.7 

56.1 

55.6 

53.7 

.150 

80.  3 

82.8 

58.2 

57.9 

55.4 

.155 

83.4 

83.8 

60.3 

60.2 

56.8 

.160 

86.9 

88.3 

62.6 

61.9 

58.3 

8'  “» 

*  /  / 

.  5 

.  i65 

7W.U 

ll  >  1 

.170 

93.3 

94  ,U 

66.2 

57.  C 

.175 

9c.  6 

97-4 

67.9 

69.5 

.180 

99 .7 

100.5 

69.8 

7 1 . 6 

.185 

103.0 

73.7 

.  190 

lOo.l 

75.3 

.  195 

108.9 

77  . 

.  ::o 

112.5 

78.9 

.705 

115.3 

50.  * 

.’10 

118.1 

92  . 1 
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APPENDIX  C 


THERMAL  ANALYSIS  OF 
THE  SCARF- JOINT  SPECIMEN 
IN  SIMULTANEOUS  COOLING 
AND  STRAINING 


i 


1 .  Analysis  of  the  Heat  Transfer  in  the  Scarf-Joint  Specimen 
with  Decaying  Temperature  Boundary  Conditions 

The  thermal  properties  of  ANB-3066  propellant  were  taken 
from  the  linterature.  Corroborative  tests  of  the  thermal  diffusivity  were 
performed  between  70°F  and  7°F.  As  a  result  the  following  thermal  properties 
values  were  used: 

3 

a.  Density:  110.59  lbm/ft 

b.  Specific  Heat:  0.279  BTU/lbm/°F 

2 

c.  Thermal  diffusivity:  0.00778  ft  /hr 

Computer  simulations  to  determine  the  thermal  gradients  of 

scarf-joint  specimens  nominally  1  x  2  x  4-in.  in  sire,  subjected  to  various 

rates  of  cooling,  used  the  properties  listed  above.  Separate  tests  of  the 

unstead  state  thermal  behavior  of  the  scarf-joint  specimen  were  made  in  a 

convective  conditioning  chamber,  to  ascertain  an  appropriate  te9t  system  was 

like  that  to  be  used  in  the  simultaneous  straining  -  cooling  tests.  A  value 
2 

of  7.0  BTU/ft  /®F  was  obtained  for  this  parameter.  It  turns  out  that  this 
parameter  can  vary  widely  without  affecting  the  thermal  gradients  in  the 
spec  linens . 


2 .  Computer  Simulation 

A  finite-difference  heat  transfer  solution  was  utilized, 
and  impletmenled  to  determine  the  thermal  gradients  through  the  thinnest 
section  of  the  scarf-joint,  with  a  linear  temperature-decey  boundary  condition. 

These  simulations  show  that  after  an  initial  unsteady  state 
period,  during  which  the  temperature  profiles  are  changing,  an  unchanging 
gradient  is  established  that  decays  at  the  rate  of  the  boundary  changes. 

Further  study  has  shown  that  this  is  in  agreement  with  analytic  solutions 
for  this  type  of  heat  transfer.^ 

1.  Carslaw  H.S.,  larger ,  J.C.,  "Conduction  of  Heal  In  Solids"  1959  Clarendon  Pres 
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The  temperature  profile  Is  the  computed  temperature  variation 
between  points  in  the  specimen  immediately  beneath  the  surface,  on  a  line 
perpendicular  to  the  smallest  dimension,  separated  by  the  grid  spacing  employed 
In  the  finite-difference  program.  (1/51  inches  for  all  results  discussed) 

Somewhat  surprisingly,  the  maximum  variation  in  the  temperature 
profile  (from  the  point  nearest  the  specimen  surface  to  the  center  point) 
was  found  to  be  linearly  related  to  the  rate  of  boundary  temperature  decay. 
Figure  C-l  shows  this  relationship.  Figure  C-2  is  a  portion  of  the  simulation 
printout  showing  parameter  values  utilized  and  the  change  of  profile  with  time. 

These  data  were  utilized  to  provide  the  test  matrix  of  straining 
and  cooling  rates  to  be  used  in  the  simultaneous  cooling  straining  tests 
in  the  program.  This  is  shown  in  Table  C-l.  It  should  be  noted  that 
47°F/hr  was  arbitrarily  chosen  as  the  fastest  cooling  rate  to  limit  profile 
difference  values  to  a  maximum  of  5®F. 


Conditioning  Temperature  Rate  (*P/hr) 
Versus  Temperature  Profile  Differences*  (*F) 
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Temperature  Profile  Difference  Values 
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